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ABSTRACT 


A  flat  plate,  a  hollow  cylinder,  and  a  nine -caliber  ogive  containing 
lateral  sonic  jets  were  tested  at  Mach  numbers  2.  99,  3.  98,  and  5.  01  in 
the  12 -Inch  Supersonic  Tunnel  (E-1)  of  the  von  Karman  Gas  Dynamics 
Facility.  The  interaction  forces  generated  on  these  bodies  were  investi¬ 
gated  for  various  sonic  nozzle  configurations  including  single  circular 
nozzles,  multiple  circular  nozzles,  and  slots  of  various  width  and  span 
sizes.  The  nozzles  were  operated  at  jet  stagnation  to  free-stream  static 
pressure  ratios  from  10  to  2000. 

The  force  produced  on  a  surface  by  the  interaction  of  the  lateral  jet 
with  the  supersonic  free  stream  was  evaluated  from  model  pressure  dis¬ 
tributions  and  compared  with  various  theoretical  estimates.  Good  agree¬ 
ment  was  obtained  between  the  present  experimental  data  and  the  theo¬ 
retical  estimates  based  on  a  linear  combination  of  the  viscous  and  inviscid 
estimates  of  the  jet  interaction  force.  Also,  good  agreement  was  obtained 
between  the  integrated  pressure  data  and  some  force  measurements. 

These  theoretical  and  experimental  results  indicated  that  significant 
jet  interaction  forces  are  produced.  In  general,  circular  sonic  jets 
produced  the  maximum  interaction  force  when  located  about  30  jet  nozzle 
diameters  forward  of  the  trailing  edge  of  a  planar  surface  or  at  the  base 
edge  of  a  body  of  revolution.  Rectangular  nozzles  (slots)  generated  the 
largest  force  when  located  at  the  model  trailing  edge. 
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NOMENCLATURE 


A /A* 


Ab 


CNi 

^Pp 

Cps 

D 

de 

e 

Fj 

^Ni 

FNv 


Fnt 


fni 


Stream  tube  area  ratio  relationship  for  isentropic  flow  (see 
Fig.  26) 

Model  base  area,  in, 2 

n 

Effective  jet  nozzle  cross-sectional  throat  area,  Ae  =  CAj,  in. 

Jet  nozzle  cross-sectional  throat  area,  in. 2 

Nozzle  discharge  coefficient,  ratio  of  actual  mass  flow/ideal 
mass  flow 

Interaction  force  coefficient,  FNi/q«,Ab 

Boundary -layer  separation  plateau  pressure  coefficient, 

(Pp  -  p»)/qa. 

Pressure  coefficient  at  point  of  boundary-layer  separation, 

(pS  ”  Poo^  / 

Maximum  model  diameter,  in. 

Effective  jet  nozzle  diameter  or  effective  slot  width  in  the 
streamwise  direction,  in. 

Jet  nozzle  diameter  or  slot  width  in  the  streamwise  direction,  in. 
Multiple  circular  nozzle  spacing  from  center  to  center,  in. 
Three-dimensional  jet  reaction  force  of  a  sonic  nozzle, 

CAjp^  [l.268{p3/p.)  -  l]  .  lb 

Interaction  load,  the  force  generated  by  the  interaction  of  a 
lateral  jet  with  the  approaching  boundary  layer  and  super¬ 
sonic  free  stream,  positive  in  the  direction  of  Fj,  lb 

Interaction  force  over  an  area  extending  over  the  full  model 
span  from  the  model  leading  edge  to  model  station  x,  posi- 

A 

f  — r  dr  d  0  ,  lb 

Total  lateral  jet  control  force,  Fjjj  +  Fj,  lb 

Two-dimensional  jet  reaction  force  per  unit  span  for  a  sonic 
nozzle,  Cdjp„  [l.  268 (pj/p„)  -  l]  ,  Ib/in. 

LiOcal  interaction  load  along  0=0  ray  on  a  flat  plate  positive 
in  the  direction  of  fj, 

-  7.S 

p  f  — -5-dx,  lb /in. 

“  %/2 
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h 

K 

L 

in 

N 

n 


P 

Pj 

Po 

Pp 

Ps 

P' 

Po’ 

p« 

Ap 

Os 

ReL 

Res 


Rex 

R^ 


Spoiler  height,  in. 

Parameter  defined  in  Ref.  31  where  K  =  k2/ki  and  k  is  "ratio 
of  the  mean  velocity  in  the  dissipative  region  to  the  external 
velocity.  "  Subscript  1  represents  the  parameter  before 
separation  and  2,  after  boundary-layer  separation. 

Model  length,  total  axial  model  length  of  integrated  pressure 
distribution  or  axial  distance  from  model  leading  edge  to 
boundary-layer  rake  location,  in. 

Rectangular  jet  nozzle  span,  in. 

Free-stream  Mach  number 


Mass  flow,  lb /sec 

Boundary-layer  velocity-profile  parameter,  u/xi^  =  (y/6)^^^ 


Local  moment  loading  along  an  angular  ray  0 , 


/ 


Ap 


rdr,  lb 


'lj/2 


Model  static  pressure,  psia 

Jet  stagnation  pressure,  psia 

Free-stream  stagnation  pressure,  psia 

Plateau  pressure  resulting  from  separated  boundary  layer, 
psia 

Pressure  at  the  point  of  boundary -layer  separation,  psia 

Model  static  pressure  when  pj  =  0,  psia 

Pitot  pressure  in  jet  stream,  psia 

Free-stream  ambient  pressure,  psia 

Model  differential  pressure,  p  -  p',  psia 

Free-stream  dynamic  pressure,  psia 

Reynolds  number  based  on  the  length,  L 

Reynolds  number  based  on  the  length  from  the  model  leading 
edge  to  the  point  of  boundary-layer  separation, 

Reg  X  10"®  =  Reg 

Reynolds  number,  in.“l 

Radial  distance  from  the  centroid -of  the  area  of  the  jet  noz¬ 
zle  configuration  to  the  flat  plate  edge,  sides,  or  downstream 
limit  of  integration,  x,  in. 
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u 

X 


X 


Xcp 

*sep 

y 


Radial  distance  from  jet  nozzle  configuration  cross-sectional 
area  centroid,  in. 

Velocity  in  the  boundary  layer,  in.  /sec 
Free-stream  velocity,  in.  /sec 

Axial  position  of  the  jet  nozzle  area  centroid  relative  to  the 
model  nose  or  leading  edge,  in. 

Model  axial  position  relative  to  the  jet  nozzle  area  centroid, 
in.  (see  Figs.  3  and  5) 

Center  of  pressure  of  the  local  interaction  load  upstream  of 
the  nozzle  along  0=0,  in. 

Boundary-layer  separation  length  from  the  jet  nozzle  area 
centroid,  in,  (see  Fig,  8) 

Displacement  from  the  model  surface,  in. 


a  Separated  boundary-layer  flow  deflection  angle,  deg 

Y  Ratio  of  specific  heats,  7*1.4 

S  Boundary-layer  thickness,  in. 

6*  Boundary-layer  displacement  thickness,  in. 

0  Boundary-layer  momentum  thickness,  in. 

^  Angular  location  of  the  pressure  orifice  rays,  deg  (see  Fig.  3) 

Angular  displacement  about  the  body  of  revolution,  deg  (see 
Fig.  5) 

A*  Jet  free-stream  interaction  shock  displacement  relative  to 

the  upstream  nozzle  edge,  in. 

p/pQ  Ratio  of  the  ambient  to  stagnation  density  downstream  of  a 

normal  shock 
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1.0  INTRODUCTION 


As  manned  vehicles  and  unmanned  missiles  traverse  the  upper 
regions  (high  altitudes)  of  the  corridor  of  continuous  flight  (see  Fig.  1), 
the  need  for  control  systems  with  broader  aerodynamic  operational  char¬ 
acteristics  increases.  The  high  altitude,  high  Mach  number  environment 
requires  that  the  control  systems  be  as  operational  and  reliable  at  a 
finite  dynamic  pressure  as  in  a  near  vacuum.  Also  as  a  result  of  high 
speeds,  the  response  of  these  control  systems  must  be  rapid  and  predict¬ 
able.  As  auxiliary  controls,  reaction  jets  have  provided  a  means  of 
controlling  the  attitude  and  trajectory  of  high  altitude,  high  Mach  number, 
manned  vehicles  such  as  the  X-15  research  airplane  and  the  Mercury 
capsule.  Similar  controls  will  be  used  by  the  Apollo  and  Dyna  Soar 
manned  vehicles  at  the  high  altitudes  above  the  flight  corridor. 

At  the  lower  altitudes,  reaction  jets  may  provide  a  means  of  aug¬ 
menting  conventional  aerodynamic  control  surfaces  or  may  even  replace 
these  control  surfaces,  provided  the  reaction  jet  fuel  requirements  can 
be  made  economically  feasible.  The  present  experimental  and  theoretical 
program  will  demonstrate  some  of  the  useful  control  forces  generated  by 
lateral  jets  operating  in  an  environment  similar  to  the  conditions  experi¬ 
enced  by  the  vehicles  flying  in  the  upper  and  lower  regime  of  the  corridor 
of  continuous  supersonic  flight.  These  results  deal  more  directly  with 
the  basic  flow  phenomena  of  interaction  loading  produced  by  a  jet  on  a 
flat  plate,  a  hollow  cylinder,  and  an  ogive  in  a  supersonic  free  stream. 

The  following  is  a  review  of  investigations  on  the  discharge  of  flow 
into  a  moving  stream.  At  subsonic  speeds,  the  effects  of  a  lateral  air- 
stream  exhausting  into  a  moving  free  stream  have  been  investigated  as 
part  of  the  development  of  air  jet  flaps,  auxiliary  air  outlets,  vertical- 
take-off  vehicles  using  an  air  jet  stream  for  lift,  heating  or  cooling  an 
air  stream,  and  many  other  air  jet  applications.  One  theoretical  approach 
to  the  basic  problem  of  the  interaction  of  a  lateral  jet  with  a  moving 
stream  was  developed  by  Ehrick  (Ref.  1).  Aside  from  a  number  of 
experimental  investigations  into  various  applications  utilizing  air  jets. 
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some  basic  information  on  jet  penetration  into  a  subsonic  stream  may 
be  found  in  Refs.  2  and  3.  A  test  program  to  determine  the  influence  of 
a  transonic  stream  on  the  discharge  coefficient  of  a  lateral  jet  was 
experimentally  evaluated  at  the  NACA,  and  some  results  are  presented 
in  Ref.  4.  Also  the  effectiveness  of  air  jet  controls  on  a  particular  type 
of  missile  configuration  was  obtained  in  the  Mach  number  range  of  0,  6 
to  1.  8  (Ref.  5).  A  fairly  complete  summary  of  the  use  of  air  jets  as 
boundary -layer  control  systems,  air  jet  flaps,  lateral  jets  from  un¬ 
swept  and  swept  wings,  and  ground  effects  of  air  jet  flap  systems  at 
subsonic,  transonic,  and  supersonic  speeds  (Mach  numbers  up  to  2.5) 
is  presented  by  Lachman  (Ref.  6). 

The  discharge  of  low  energy  air  or  hot  exhaust  gases  from  a  high 
speed  (transonic,  supersonic,  or  hypersonic)  vehicle  has  also  generated 
problems  pertaining  to  lateral  jets.  In  the  past,  extensive  experimenta¬ 
tion  was  conducted  to  analyze  the  axial-thrust  penalties  without  evaluat¬ 
ing  the  inherent  normal  and  side  forces  resulting  from  jet  momentum 
and  flow  interaction.  Another  area  of  practical  interest,  associated 
with  air  disposal,  is  the  degree  of  penetration  and  influence  of  the  exhaust 
jets  as  the  discharged  gases  wash  over  the  surfaces  of  the  body.  This 
might  become  increasingly  important  if  one  assumes  that  the  exhaust 
gases  are  hot  and  corrosive,  and  they  would  therefore  have  an  effect  on 
the  vehicle's  structure. 

During  the  launch  and  boost  phases  of  flight,  a  means  of  controlling 
vehicle  trajectory  has  been  obtained  by  regulating  the  thrust  direction  of 
the  propvilsion  system.  The  operation  of  a  thrust  vector  control  system 
can  be  achieved  by  engine  gimbaling.  jet  vane  deflectors,  or  by  directing 
secondary  flow  into  the  mainstream  from  outlets  in  the  wall  downstream 
of  the  nozzle  throat  in  order  to  create  a  region  of  separated  and  deflected 
flow.  The  injection  of  secondary  flow  into  the  mainstream  to  control  the 
thrust  vector  of  a  propulsion  system  has  been  investigated  by  various  air¬ 
craft  companies  and  research  organizations;  for  example,  see  Refs.  7,  8, 
and  9. 

As  pointed  out  by  H.  Arnzen  (Ref.  10)  a  lateral  jet  could  be  used  in 
combination  with  conventional  aerodynamic  controls  to  provide  an  "all 
altitude"  control  system  for  non-orbital  and  re-entry  vehicles.  Since 
conventional  control  systems  become  inadequate  at  the  higher  altitudes 
above  the  flight  corridor  due  to  lower  dynamic  pressures  (see  Fig,  1),  a 
control  system  which  is  not  dependent  on  the  existence  of  some  finite 
dynamic  pressure  is  required.  One  solution  to  this  problem  has  been 
found  by  using  latersil  reaction  jets  to  control  the  attitude  of  the  "all  alti¬ 
tude"  vehicle.  As  a  result  of  past  investigations,  it  appears  that  reaction 
controls  similar  to  those  on  the  X-15,  which  function  adequately  in  near 
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vacuum  space,  will  generate  larger  control  forces  for  a  given  jet  momen¬ 
tum  at  lower  altitudes  because  of  lateral  jet  interactions  with  the  boundaiy 
layer  and  local  flow  field. 

Depending  on  the  jet  strength,  the  location  of  the  jets  on  the  vehicle, 
the  state  of  the  boundary  layer,  and  the  free-stream  Mach  number, 
experimental  evidence  and  theoretical  solutions  of  the  forces  produced 
by  the  interference  of  jet  flow  with  the  boundary  layer  and  enveloping 
supersonic  free  stream  have  shown  that  the  net  resulting  forces  are 
many  times  larger  than  the  reaction  force  of  the  isolated  jet  in  a  vacuum 
environment.  A  few  test  programs  have  included  some  basic  informa¬ 
tion  about  the  forces  generated  by  lateral  jets.  Tests  were  conducted 
in  the  S5  wind  tunnel  of  O. N.E.R.  A.  at  Mach  number  1,  94  to  evaluate 
the  loads  generated  by  air  at  near  sonic  velocity  issuing  from  single  and 
multiple  circular  nozzles  and  single  slots  mounted  in  the  tunnel  floor. 

Part  of  this  program  included  a  comparison  of  jet  spoiler  with  a  plain 
vertical  spoiler,  and  these  results  are  presented  in  Ref.  6  (pp.  63-65). 

As  pointed  out  by  Ph.  Poisson -Quinton  and  L.  Lepage  in  Ref.  6,  a  com¬ 
parison  of  the  power  required  to  overcome  the  drag  of  a  plain  spoiler 
with  the  power  required  to  supply  compressed  air  to  the  jet  spoiler  indi¬ 
cated  that  the  air  jet  spoiler  was  more  effective. 

The  influence  of  high  pressure  air  issuing  in  the  spanwise  direction 
below  a  wing  and  normal  to  a  Mach  number  2  free  stream  was  investi¬ 
gated  by  Falanga  and  Janos  (Ref.  11).  Additional  tests  were  conducted 
by  Janos  (Ref.  12)  at  Mach  number  2  to  measure  the  pressure  loading 
and  forces  produced  by  a  lateral  jet  from  an  unswept  flat  plate.  As  in 
the  case  of  the  other  investigations,  these  results  indicated  that  the  ratio 
of  the  interaction  force  to  jet  reaction  force  increased  with  decreasing 
jet  pressure  ratio  (pj/Pa,)«  '^he  evaluation  of  the  pressure  distributions 
indicated  that  the  sonic  nozzles  with  jet  exit  Mach  number  up  to  1.7 
generated  larger  loads  than  the  jet  from  partially  contoured  supersonic 
nozzles  (nozzle  exit  angle  >0).  The  effect  of  a  lateral  jet  from  sonic, 
conical,  and  sharp  edge  orifices  mounted  in  a  flat  plate  were  studied  at 
Mach  numbers  3.  69  and  3.  85  by  Amick  and  Hays  (Ref.  13).  Included  in 
the  analysis  of  Ref.  13  is  an  emperical  relationship  between  the  ratio  of 
the  interaction  force  to  the  jet  reaction  force  as  a  function  of  the  model 
geometry  and  jet  pressure  ratio.  An  investigation  was  made  by  Cubbison, 
Anderson,  and  Ward  (Ref.  14)  to  determine  the  Loads  generated  by  a  sonic 
lateral  jet  from  the  flat  surface  of  an  arrow-shaped  model  (Mach  num¬ 
bers  2.92,  3.92,  4.84,  and  6.  4). 

The  influence  of  the  character  of  the  boundary  layer  on  the  loading 
generated  by  a  lateral  two-dimensional  sonic  jet  from  a  flat  plate  at 
Mach  number  6  was  evaluated  from  pressure  results  obtained  by  Romeo 
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and  Sterrett  (Ref.  IS).  As  in  the  case  of  the  results  presented  in  Ref.  6, 
these  results  indicate  that  two-dimensional  sonic  air  jet  behaved  like  a 
plain  spoiler  or  forward  facing  step. 

Several  tests  have  been  conducted  with  lateral  air  jets  from  bodies 
of  revolution.  Pressure  measurements  were  made  at  Mach  number  1.  9 
with  a  lateral  jet  from  a  circular  (sonic)  nozzle  and  a  conical  supersonic 
nozzle  mounted  in  the  cylindrical  section  of  a  10-deg  cone-cylinder  by 
Morkovin,  Pierce,  and  Craven  (Ref.  16).  As  a  result  of  the  flow  field 
generated  by  the  lateral  jet  located  1,  8  body  diameters  from  the  model 
base,  the  net  side  force  was  less  than  the  isolated  jet  reaction  force.  It 
was  also  noted  in  Ref.  16  that  the  change  in  angle  of  attack  from  0  to 
14  deg  with  the  nozzle  jet  on  the  lee  side  of  the  model  did  not  alter  the 
basic  jet  interaction  flow  results. 

Additional  tests  have  been  conducted  at  supersonic  speeds  on  nine- 
caliber  tangent  ogives  having  various  base  diameters,  model  lengths, 
nozzle  configurations,  and  jet  nozzle  axial  locations  on  the  model. 

Vinson,  Amick,  and  Liepman  (Ref.  17)  conducted  tests  at  Mach  num¬ 
bers  2.  8  and  3.  9  on  a  three-caliber  ogive.  The  model  base  diameter 
was  2  in. ,  and  the  lateral  jet  nozzle  was  a  straight -walled,  circular 
nozzle  located  at  various  distances  from  the  model  base.  The  influence 
of  angle  of  attack  and  character  of  the  boundary  layer  approaching  the 
jet  on  the  force  produced  by  the  interaction  of  the  jet  with  the  approach¬ 
ing  free  stream  and  boundary  layer  was  evaluated  from  internal  strain- 
gage  balance  measurements.  These  results  indicated  that  the  state  of 
the  boundary  layer  had  a  negligible  effect  on  the  jet  interaction  force. 
Similar  force  measurements  were  made  at  Mach  number  3.  99  by  Amick 
and  Hays  (Ref.  13)  with  a  1.  5 -in.  base  diam,  nine-caliber  ogive  con¬ 
taining  similar  sonic  nozzles  located  0.5  and  2.5  body  diameters  from 
the  model  base.  In  general,  these  results  indicated  that  the  ratio  of 
interaction  force  to  jet  reaction  force  increased  as  the  jet  nozzle  was 
moved  toward  the  model  base  and  as  the  jet  momentum  was  decreased. 

The  addition  of  fins  to  a  2-in.  base  diam,  nine-caliber  ogive  having 
a  lateral  jet  was  investigated  by  Carvalho  and  Hays  (Ref.  18)  at  Mach 
number  3.97.  In  this  investigation,  sonic  and  supersonic  conical  air  jet 
nozzles  of  various  throat  diameters  were  located  at  several  model 
stations  ahead  of  the  model  base.  With  the  same  jet  mass  flow  issuing 
from  the  sonic  and  supersonic  nozzles  the  ratio  of  the  interaction  force 
to  jet  reaction  force  was  equal  to,  or  in  some  cases,  larger  for  the  sonic 
nozzle  configurations .  The  addition  of  fins  to  the  body  in  the  area  con¬ 
taining  the  lateral  jet  increased  the  net  side  force  produced  by  the  jet. 

In  general,  these  results  indicated  that  the  nozzle  configuration  of  the 
jet,  the  axial  location  of  the  jet,  the  surroundings  of  the  jet,  and  the 
character  of  the  boundary  layer  on  the  body  of  revolution  play  an 
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important  role  in  determining  the  magnitude  of  the  interaction  force 
produced  by  the  jet. 

A  theoretical  estimate  of  the  interaction  force  generated  by  a  two- 
dimensional  jet  was  proposed  by  Vinson,  Amick,  and  Leipman  (Ref.  17). 
The  jet  was  assumed  to  act  like  a  plain  spoiler  in  the  presence  of  a 
boundary  layer  with  a  height  equal  to  the  product  of  the  jet  width  per 
unit  span  and  the  area  ratio  (A/A*)  based  on  the  jet  stagnation  to  free- 
stream  static  pressure.  Thus  the  interaction  force  represented  the 
loading  which  resulted  from  the  separated  boundary  layer  produced  by 
the  lateral  jet  disturbance. 

A  viscid  type  of  weak  jet  interaction  theory  was  presented  in  Ref.  13 
by  Amick  and  Hays.  In  this  case,  the  jet  was  assumed  to  be  too  weak  to 
separate  the  boundary  layer,  but  an  oblique  shock  equal  in  strength  to 
the  ratio  of  pj/p«  would  be  generated. 

The  theoretical  inviscid  loading  generated  by  the  interaction  of  a 
lateral  jet  from  a  circular  nozzle  into  a  supersonic  stream  was  developed 
by  C.  Ferrari  (Ref.  19)  utilizing  Newtonian  approximations.  As  in  the 
previous  case,  the  assumption  was  made  that  the  jet  stream  did  not  mix 
with  the  enveloping  supersonic  stream,  and  it  was  assumed  that  the 
lateral  jet  generated  a  detached  shock  which  partially  enclosed  the  jet 
stream  tube.  The  pressure  loading  associated  with  the  boundary -layer 
separation  (viscous  effects)  generated  by  a  lateral  jet  was  neglected  in 
the  theoretical  analysis.  Another  inviscid  analysis  using  the  blast  wave 
theory  has  been  recently  developed  by  J,  E.  Broadwall  (Ref.  9). 

In  general,  the  purpose  of  the  present  program  is  to  present  results 
similar  to  those  described  over  a  wider  Mach  number  range  (M,,  =  2.  99, 

3.  98,  and  5.  01),  Reynolds  number  range  (Rex  =  0.  6  to  6.  0  x  106),  and 
with  a  greater  variety  of  sonic  jet  nozzle  configurations  (single  and 
circular  orifices  and  slots).  The  tests  on  a  flat  plate,  a  hollow  cylinder, 
and  a  nine-caliber  ogive  containing  lateral  sonic  jets  were  tested  in  the 
12-Inch  Supersonic  Tunnel  (E-1),  von  Karman  Gas  E)ynamics  Facility 
(VKF),  Arnold  Engineering  Development  Center  (AEDC),  Air  Force  Sys¬ 
tems  Command  (AFSC).  These  results  are  compared  with  various  theo¬ 
retical  and  other  experimental  results . 


2.0  EXPERIMENTAL  APPARATUS  AND  TECHNIQUES 


2.1  WIND  TUNNELS 

The  12-Inch  Supersonic  Tunnel  (E-1)  (Fig.  2)  is  an  intermittent, 
variable  density  wind  tunnel  with  a  manually  adjusted,  flexible -plate - 
type  nozzle.  The  tunnel  operates  at  Mach  numbers  from  1.  5  to  5  at 
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stagnation  pressures  from  5  to  60  psia  and  at  stagnation  temperatures 
up  to  about  100®F.  A  description  of  the  tunnel  sind  its  calibration  is 
given  in  Refs.  20  and  21. 

2.2  MODELS 

Three  basic  stainless  steel  models,  consisting  of  an  8-  by  15.50-m. 
flat  plate,  a  3,  SO-in.  -diam  hollow  cylinder,  and  a  nine-caliber, 

3.  50-in.  -diam  tangent  ogive,  were  used  in  the  experimental  program. 

All  models  were  strut  mounted  off  the  tunnel  floor  and  instrumented 
with  0.  05  outside  diameter  pressure  taps.  All  model  surfaces  contain¬ 
ing  pressure  taps  were  finished  to  20  micro -inches  (rms). 

2.2.1  Flat  Plot* 

The  flat  plate  model  shown  in  Fig.  3  was  instrumented  with  101 
static  pressure  taps.  Interchangeable  nozzle  blocks  containing  various 
sonic  nozzle  configurations  (single  and  multiple  circular  nozzles  and 
rectangular  nozzles  with  variable  spans)  were  tested  and  are  also  listed 
in  Fig.  3.  The  ''0''-ring  seals  were  fitted  around  the  nozzle  block  to 
prevent  high  pressure  air  leakage.  The  orientation  of  the  nozzle  blocks 
with  respect  to  the  free-stream  flow  is  shown  in  Figs.  3  and  4. 

To  measure  the  net  interaction  loads  generated  by  the  lateral  jets 
on  the  flat  plate,  two  moment  strain-gage  sections  were  cut  into  the 
exterior  surface  of  the  high-pressure  air  jet  line  (see  Fig.  3)  which  was 
also  part  of  the  support  structure  for  the  flat  plate.  The  gage  sections 
consisted  of  diametrically  opposite  flat  surfaces  at  two  axial  positions. 

Two  total  head  rakes  were  used  in  conjunction  with  the  flat  plate 
test.  The  first  rake  was  a  conventional  boundary-layer  rake  which  could 
be  moved  to  any  model  station  from  x  =  -3.  20  to  4,  50  in.  A  second  rake, 
which  was  over  four  inches  high,  was  used  to  monitor  the  pitot  pressure 
variations  in  the  lateral  air  jet  stream  at  model  station  5.  25  in.  (see 
Fig.  4). 


2.2.2  Hollow  Cylinder 

An  illustration  of  the  hollow  cylinder  model  is  shown  in  Fig.  5 .  A 
0.  50-in.  outside  diameter  tube  attached  along  the  inner  surface  of  the 
hollow  cylinder  supplied  high  pressure  air  to  circular  interchangeable 
nozzle  blocks.  The  air  jet  nozzle  opening  was  located  on  the  ring  oppo¬ 
site  the  split  ring  tabs,  and  a  rubber  "O-ring"  seal  was  used  to  prevent 
air  leakage  around  the  split  ring  nozzle  blocks.  The  nozzle  configurations 
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consisted  of  a  single  0.  25-m.  -diam  circular  nozzle  and  a  rectangular 
nozzle  aligned  radially  with  curvature  lengths  of  one  and  three  inches 
and  width  of  0.  050  in.  The  hollow  cylinder  was  instrumented  with 
40  static  pressure  taps. 


2.2.3  Ogive 

The  front  section  of  the  hollow  cylinder  was  detachable  and  could  be 
replaced  with  a  nine-caliber  tangent  ogive  nose  (see  Fig.  5).  In  the 
ogive -cylinder  configuration  a  total  of  41  pressure  taps  were  used,  and 
the  air  jet  nozzle  configurations  were  similar  to  the  ones  used  in  the 
hollow  cylinder  tests. 


2.3  INSTRUMENTATION  AND  PRECISION 

A  rotary  valve  pressure  scanning  system  utilizing  l-psid  and 
15-pBid  transducers  was  used  to  measure  the  model  surface  pressures. 
Additional  5-psid  and  50-psid  transducers  were  used  to  measure  total 
head  rake  pressures.  All  transducer  systems  were  referenced  to  essen¬ 
tially  a  vacuum  (leas  than  50  microns  of  mercury  in  most  cases)  ^d 
were  calibrated  to  provide  three  ranges  for  each  transducer.  The  un¬ 
certainty  of  the  pressure  measurements  was  not  more  than  ±0.  005  psia 
for  the  l-psid  transducer  to  ±0.  250  psia  for  the  50-psid  transducer. 

The  model  support  system  for  the  flat  plate  was  gaged  as  a  two- 
component  moment  type  of  balance.  At  the  upstream  gage,  the  maxi¬ 
mum  allowable  moment  was  1400  in.  -lb  and  at  the  downstream  gage, 

2,  000  in.  -lb,  with  an  overall  force  repeatability  of  ±0.  6  lb  in  the  absence 
of  any  zero  shifts.  As  a  result  of  some  gage  output  zero  reading  shifts, 
the  test  results  were  evaluated  on  the  basis  of  the  faired  curves  through 
the  gage  readings. 

Some  shadowgraph  pictures  were  made  of  the  flat  plate,  but  for  the 
most  part  flow  patterns  were  recorded  with  schlieren  and  fluorescent 
oil  flow  pictures. 


3.0  TEST  PROCEDURES  AND  CONDITIONS 


Preliminary  pressure  tests  were  made  to  evaluate  the  properties 
of  the  flow  field  over  the  flat  plate.  The  static  pressure  distribution 
and  boundary -layer  thickness  over  the  flat  plate  were  measured  at  Mach 
numbers  2.  99  and  3.  98  in  the  Reynolds  number  range  of  106  to  10 7  based 
on  the  length  from  the  model  leading  edge  to  the  boundary-layer  rake. 
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The  following  tables  contain  the  range  of  jet  pressure  ratios  (pj/p«) 
covered  for  each  model  nozzle  configuration  at  each  Mach  number: 

JET  PRESSURE  RATIOS 


Plat  Plate 


Nozzle  Configuration 

Pj/p,  Range 

Circular 

At  Free-Stream  Mach  Number 

in. 

e/dj 

j/dj 

2.  99 

3.98 

5.01 

0.  2S0 

V 

- 

10—730 

30—1590 

30—2000 

0. 

125 

- 

60—900 

30—1740 

470—2000 

■12 

- 

470 

30—900 

430 

6 

- 

30—900 

3 

- 

220—380 

70—500 

100 

0. 131 

- 

24 

10—120 

30—300 

45—470 

o.c 

157 

- 

17.5 

20  ,  240 

25—470 

35 

30—470 

S3 

30—1570 

0.028  j 

- 

107 

10—360 

5—880 

30—980 

Rex  Range  x  10" 

6 

0.  6 

2.  2 

1.  B 

^hh 

3.6 

Hollow  Cylinder 
M.  3.98 


Nozzle  Configuration 

Pj/p,  Range 

single  circular  nozzle 
dj  =  0.  25  in. 

34  —950 

rectangular  nozzle 

d]  ■■  0,  05  in.,  i/dj  -  20 
dj  =  0.  05  in. ,  i/dj  -  60 

34  —  200 

100—200 

Rex  X  10'® 

2.  1  and  3. 9 

Nine- Caliber  Ogive 
M„  =  3.  98 


Nozzle  Configuration 

Pj/p*  Range 

single  circular  nozzle 
dj  =  0,  25  in, 

dj  :  0,  25  in.  with  a  boundary- 

200-900 

200-900 

Layer  trip  on  the  ogive  nose 

rectangular  nozzle 

dj  =  0.  05  in. .  f /dj  =  60 

30  —  380 

Rex  X  10'® 

3.  2  and  6.  1 
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4.0  RESULTS  AND  DISCUSSION 


4.1  SONIC  NOZZLE  CHARACTERISTICS 

As  part  of  the  test  program,  the  relationship  of  the  jet  stagnation 
(plenum  chamber)  pressure  with  the  nozzle  jet  reaction  force  and  with 
the  jet  mass  flow  were  experimentally  evaluated.  Two  procedures  were 
utilized;  the  first  was  an  evaluation  of  the  nozzle  mass  flow  discharge 
coefficient.  At  a  given  nozzle  stagnation  pressure  and  temperature,  the 
rate  of  mass  decrease  in  a  nitrogen  container  was  compared  to  the  ideal 
mass  flow  rate  passing  through  a  sonic  nozzle  of  a  given  cross-sectional 
area.  The  second  procedure  was  based  on  the  ratio  of  the  reaction  force 
as  measured  by  a  moment  balance  to  the  ideal  reaction  force  of  a  sonic 
nozzle. 

These  calibration  procedures  are  based  on  the  assumption  that  the 
exit  Mach  numbers  (Mj)  of  the  sharp  edge  nozzles  are  sonic,  but  trie 
results  of  Ref.  22  demonstrated  that  the  exit  Mach  number  of  sharp  edge 
nozzles  (circular  or  rectangular)  was  a  function  of  the  nozzle  geometry 
and  was  supersonic  (Mj  >  1).  Neglecting  the  fact  that  the  nozzle  exit 
Mach  number  was  actually  supersonic,  the  jet  mass  flows,  momentum 
parameters,  and  reaction  force  values  were  evaluated  as  if  the  exit 
Mach  number  were  sonic.  Within  the  precision  of  the  calibration  pro¬ 
cedures,  the  discharge  coefficient  accounted  for  the  effective  area  in  the 
mass  flow  computation  and  the  exit  Mach  number  in  the  reaction  force 
computation.  Figure  6  includes  Figs.  9  and  10  of  Ref.  22  and  illustrates 
the  favorable  agreement  of  the  present  calibration  results  with  those 
obtained  by  Weir,  York,  and  Morrison  (Ref.  22). 


4.2  FLAT  PLATE  FLOW  CHARACTERISTICS 

Except  for  the  pressure  distribution  produced  by  the  viscous  inter¬ 
action  associated  with  the  leading  edge  of  a  flat  plate  in  supersonic  or 
hypersonic  flow,  and  in  the  absence  of  any  jet  disturbance,  the  maximum 
deviation  in  the  model  surface  static  pressure  from  the  calibrated  free- 
stream  static  pressure  was  approximately  10  percent.  The  mean  value 
of  the  model  static  pressure  was  within  5  percent  of  the  free-stream 
static  pressure.  The  analysis  of  the  distribution  of  the  incremental 
pressure  change  generated  by  a  lateral  jet  over  the  plate  was  referenced 
to  the  actual  pressure  variation  measured  on  the  plate  in  the  absence  of 
the  jet. 

At  Mach  numbers  2.  99  and  3.  98,  the  boundary-layer  characteristics 
were  evaluated  in  the  region  occupied  by  tlie  flat  plate  air  jet  nozzle 
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blocks.  Examples  of  the  velocity  profiles  obtained  at  Mach  numbers  2.99 
and  3.  98  and  various  Reynolds  numberSj  0.  8  in.  upstream  and  3.  20  in. 
downstream  of  the  nozzle  block,  are  shown  in  Fig.  7a.  The  variation  of 
the  form  factor  6*1 6  with  the  Reynolds  number  based  on  the.  boundary- 
layer  rake  location  relative  to  the  flat  plate  leading  edge  is  shown  in 
Fig.  7b.  Based  on  the  results  in  Fig.  7  and  the  balance  of  the  boundary- 
layer  rake  results,  the  boimdary  layer  was  turbulent  at  an  Rcl  >  4  x  10® 
at  Mach  number  2.  99  and  possibly  at  an  Rbl  of  5  x  10®  at  Mach  num¬ 
ber  3.  98.  As  shown  in  Fig.  7,  a  good  correlation  existed  between 
Tucker's  turbulent  boundary-layer  form  factors  of  Ref.  23  and  the 
present  Mach  number  2.  99  results  in  the  Reynolds  number  range  above 
4  X  10®.  At  a  Reynolds  number  less  than  10®  at  both  Mach  numbers,  the 
form  factors  approach  the  theoretical  laminar  values  predicted  by  Mack 
(Ref.  24).  Based  on  the  observation  during  the  progress  of  the  experi¬ 
mental  investigation,  the  boundary  layer  at  Mach  number  5.  01  was 
primarily  laminar. 


THE  LATERAL  JET  FLOW  FIELD 
4>3.1  Infliwnca  sn  tin  Model  Surface 


A  general  description  of  the  flow  field  generated  by  a  two-dimensional 
lateral  jet  is  illustrated  in  Fig.  8.  In  many  ways,  a  jet  acts  like  a 
vertical  spoiler  or  step,  insofar  as  being  another  mechanism  which 
causes  boundary -layer  separation.  The  separation  produces  a  local 
change  in  the  flow  direction,  which  generates  an  oblique  shock  and  a  rise 
in  the  pressure  in  the  region  of  separation.  As  in  the  case  of  spoilers, 
the  length  of  separation  and  the  plateau  pressure  level  are  influenced  by 
the  state  of  the  boundary  layer  and  its  separation;  that  is,  whether  it  was 
a  laminar,  transitional,  or  a  turbulent  boundary -layer  separation  (see 
Fig.  a). 


L«in»tr 
BoundaryLayer' 
Swparmtloq 


Diilurbance 


Fig.  o  Boundary>Layer  Separation 
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Depending  on  the  ratio  of  the  jet  stagnation  pressure  to  the  quiescent 
air  pressure,  a  sonic  jet  produced  a  slightly  curved  shock,  normsd.  to  the 
under -expanded  jet  stream  at  a  given  distance  from  the  nozzle  exit.  In 
the  case  of  a  circular  nozzle,  this  curved  shock  is  usually  referred  to  as 
a  Mach  disc.  Lateral  motion  of  a  planar  surface  containing  a  jet  or,  in 
the  present  case,  a  lateral  jet  on  a  flat  plate  in  a  supersonic  stream, 
produced  a  similarly  displaced  curved  "jet"  shock  but  shifted  slightly 
downstream  from  its  position  in  quiescent  air.  Of  course,  an  additional 
shock  was  generated  by  the  interference  between  the  jet  stream  and  the 
supersonic  free  stream,  and  this  is  herein  referred  to  as  the  "jet  free- 
stream  interaction"  shock. 

The  local  flow  inclosed  by  the  separated  boundary  layer,  the  jet, 
and  the  model  surface  contained  two  experimentally  observed  regions  of 
circulation  (see  Figs.  8  and  9).  Boundary -layer  separation  produced 
the  larger  region  of  circulation,  but  at  least  one  additional  region  of 
circulation  existed  immediately  ahead  of  the  jet.  Flow  in  this  region 
appeared  to  rotate  in  the  opposite  direction  to  the  boundary-layer  separa¬ 
tion  circulation.  These  circulation  directions  were  based  on  the  com¬ 
bined  evaluations  of  oU  flow,  shadowgraph,  and  schlieren  pictures. 

Directly  downstream  of  the  jet  (rectangular  or  circular)  nozzle,  a 
field  of  low  pressures  (p  «p«)  was  generated  in  another  region  of  circu¬ 
lation  which  was  maintained  by  the  downstream  portion  of  the  air  jet 
stream.  Based  on  the  oil  flow  pictorial  evidence,  the  circulation  imme¬ 
diately  upstream  of  the  nozzle  was  stronger  than  the  downstream  circu¬ 
lation;  that  is,  the  oil  did  not  flow  as  rapidly  or  did  not  move  at  all  in 
the  region  immediately  aft  of  the  nozzle.  The  relationship  between  the 
oil  flow  field  over  the  plate  and  the  primary  pressure  ridges  and  valleys 
is  summarized  schematically  in  Fig.  9. 

Samples  of  the  oil  flow  pictorial  results  with  the  corresponding 
schlieren  photographs  of  the  typical  flow  field  generated  by  various  noz¬ 
zle  jet  configurations  are  presented  in  Fig.  10.  Superimposed  on  the  oil 
flow  photographs  are  the  corresponding  isobars  in  the  form  of  a  pressure 
ratio,  p/p*.  The  boundary -layer  separation  locations  obtained  from  the 
oU  flow  and  schlieren  pictures  agreed. 

A  successive  comparison  of  Figs.  10a  through  d  will  illustrate  the 
influence  of  nozzle  configuration  on  the  flow  field  as  a  change  was  made 
from  a  single -circular  to  multiple -circular  nozzle  and  finally  a  rectang¬ 
ular  nozzle  (slot).  Also  the  flow  field  and  pressure  distribution  produced 
by  a  jet  from  a  slot  was  compared  to  a  1/2-in.  high  spoiler  in  Fig.  11. 
Except  for  the  absence  of  a  compression  wave  (jet  shock)  produced  by  an 
under -expanded  sonic  nozzle,  the  flow  field  (as  shown  in  Fig.  11)  of  the 
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solid  spoiler  was  similar  to  the  air  jet  disturbance.  The  isobars 
(p/Pa,  =  constant)  upstream  of  the  spoiler  were  shaped  similarly  to  those 
resulting  from  the  air  jet.  Although  the  disturbance  generated  by  the 
lateral  jet  was  weaker  or  produced  a  smaller  flow  deflectiom  the  inte¬ 
grated  local  load  and  location  of  the  center  pressure  of  the  loading  pro¬ 
duced  by  the  air  jet  and  plain  spoiler  are  in  reasonable  agreement. 

This  comparison,  which  was  similar  to  the  one  described  in  Ref.  6, 
suggests  that  a  correlation  between  spoilers  or  steps  and  air  jets  exists. 
One  basic  difference  between  a  jet  and  spoiler  is  that  an  air  jet  does  not 
produce  any  pressure  drag  which  would  be  transmitted  to  the  plate. 

An  example  of  the  Reynolds  number  and  jet  pressure  ratio,  Pj/Pn,, 
effects  on  the  flow  field  and  on  the  flat  plate  pressure  distribution  pro¬ 
duced  by  a  sonic  jet  from  a  slot  (0.  028  by  3  in. )  in  a  Mach  number  3,98 
free  stream  is  shown  in  Fig.  12.  For  a  given  jet  pressure  ratio, 
doubling  the  Reynolds  number  altered  the  local  flow  properties  (see 
Figs.  12a  and  b),  but  the  net  interaction  load  ahead  of  the  air  jet  nozzle 
(FNQ/q„)was  only  slightly  affected  (approximately  a  9  percent  change). 
Herein,  the  "interaction  load"  refers  to  that  force  produced  by  the  inter¬ 
action  of  the  jet  with  approaching  boundary -layer  and  free-stream  flow 
and  does  not  include  the  reaction  force  of  the  jet. 

At  two  free-stream  Reynolds  numbers,  the  influence  of  the  jet 
pressure  ratio  on  the  flow  properties  over  a  flat  plate  is  illustrated  in 
Figs.  12b  and  c  and  a  and  d.  As  the  jet  pressure  ratio  increased,  the 
location  of  the  peak  in  the  pressure  distribution  and  the  root  of  the  jet 
free-stream  interaction  shock  moved  together  upstream  away  from  the 
jet.  Doubling  the  jet  pressure  and, in  this  case,  the  jet  momentum  did 
not  double  the  interaction  force.  Thus,  the  ratio  of  the  interaction 
force  ahead  of  the  nozzle  (FNq)  to  the  jet  reaction  force  (Fj)  decreased 
with  increasing  jet  pressure  ratio  with  these  particular  flow  conditions 
and  model  geometry.  With  respect  to  these  test  results,  the  character¬ 
istic  low  pressure  field  aft  of  the  rectangular  sonic  nozzle  had  a  span 
about  equal  to  the  nozzle  span. 

A  summary  of  the  visual  evidence  of  the  flow  field  generated  by  a 
lateral  jet  is  presented  in  Figs.  13  and  14.  These  figures  represent 
the  variation  of  the  point  of  boundary -layer  separation  with  the  Reynolds 
number  at  Mach  number  3.  98  for  various  nozzle  configurations.  In¬ 
creasing  the  Reynolds  number  resulted  in  shifting  the  point  of  separa¬ 
tion  toward  the  jet  nozzle  (see  Fig.  13).  At  a  given  Reynolds  number 
and  for  a  given  jet  momentum  (a  function  of  the  product  of  the  cross- 
sectional  area  of  the  jet  nozzle  and  the  jet  pressure  ratio),  the  length 
of  separation  relative  to  the  nozzle  was  greater  for  the  smaller  circular 
nozzle  than  the  larger  one,  but  less  than  the  separation  length  generated 
by  a  rectangular  nozzle. 
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Figure  14  illustrates  the  interdependence  of  the  jet  pressure  ratio 
and  the  ''hole  density*'  of  a  lateral  jet  on  the  length  of  the  separated 
boundary  layer.  Increasing  the  circular  nozzle  density  produced  a  con 
sistent  increase  in  the  length  of  separation. 


4.3.2  Lateral  J»t  Wok*  Flow  Field 


Typical  schlieren  pictures  and  pitot  pressure  measurements  down¬ 
stream  of  and  in  the  lateral  jet  are  presented  in  Figs.  15  and  16.  The 
total  head  rake  was  located  5.  2  in.  aft  of  the  jet  nozzle.  In  some  pictures 
(15a  for  example)  a  disturbance  created  by  roughness  in  the  model  side 
plates  has  been  labeled  and  was  subsequently  removed.  These  side  dis¬ 
turbances  had  no  measurable  effect  on  the  pressure  results. 

The  influence  of  Reynolds  number  on  the  jet  wake  did  not  appear  to 
be  significant  (see  Fig,  15a).  but  increasing  the  Mach  number  and  jet 
pressure  ratio  tended  to  increase  the  pitot  pressure  gradient  in  the  jet 
stream  (compare  Fig.  15b  with  c).  As  expected,  the  jet  penetration  in¬ 
creased  with  the  jet  momentum  and  decreasing  Mach  number. 

In  some  cases,  strong  jets  were  generated  which  distorted  the 
entire  flat  plate  leading  edge  shock  (see  Fig,  15d  and  f).  Under  these 
conditions  and  based  on  the  results  obtained  with  weaker  jets,  the  inter¬ 
action  force  was  usually  higher  thsin  the  anticipated  value.  Of  course 
the  plate  span  (8  in. )  would  also  have  an  effect  on  the  correlation  of  the 
interaction  force,  but  the  span  size  did  not  have  as  strong  an  influence 
on  the  interaction  load  correlation  as  the  length  of  the  plate  ahead  of  the 
jet  nozzle. 

A  comparison  of  the  schlieren  pictures  taken  at  free-stream  Reyn¬ 
olds  number  (Rex)  of  0.  5  x  106  with  one  at  1.  7  x  10®  in  Fig.  15a  illus¬ 
trates  a  comparison  of  a  laminar  with  a  transitionally  separated  boundary 
layer.  The  best  example  of  the  pictures  presented  herein  of  a  turbulent- 
separated  boundary  layer  is  shown  in  Fig.  15b  for  Pj/Po,  =  29.  This 
example  is  a  marginal  case  because  the  boundary  layer  at  the  origin  of 
separation  was  still  laminar,  but  the  balance  of  the  region  of  separation 
was  turbulent.  The  separations  shown  in  Figs.  11,  15c,  d,  and  f  are 
indicative  of  transitional  boundary -layer  separations,  whereas  Figs.  10a,  b, 
15e,  and  16b  are  representative  of  laminar  separations. 


PRESSURE  DISTRIBUTIONS  AND  MOMENT  LOADING 

The  influence  of  jet  nozzle  configuration,  Reynolds  number,  jet  pres¬ 
sure  ratio  (pj/Pa,),  and  Mach  number  on  the  pressure  distribution  and 
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radial  moment  loading  about  the  area  centroid  of  the  cross  section  of  the 
jet  nozzle  are  presented  in  Figs.  17  through  25,  The  pressure  distribu¬ 
tions  represent  the  variation  in  the  surface  static  pressure  along  the 
central  axis  of  the  flat  plate  with  respect  to  center  of  the  jet  nozzle  block. 
The  resultant  interaction  load  generated  by  the  lateral  jet  was  evaluated 
in  the  following  manner; 


where 


Fnj  =  Ffj^  ~  ^  f  “ 

A 


n  -  p, 


r  dr 


The  factor  n  actually  represents  the  local  moment  about  tne  air  jet  cross- 
sectional  area  centroid  along  a  particular  radial  line,  0  (see  Fig.  3  for 
a  definition  of  ^ ),  The  local  force  along  a  radial  ^  would  be  evaluated 
as  follows; 

^n|  =  P»  r  p/Poo)  dr 

*i/2 

and  the  local  center  of  pressure  would  be  evaluated  as 

*cp  “  o/fni 

The  subscript,  x,  of  FNx  represents  the  axial  limit  of  integration  over 
the  flat  plate.  Therefore  the  limits  dj/2  to  represent  the  integral 
value  along  one  angular  ray  (0  =  constant)  from  the  lip  of  the  jet  nozzle 
to  either  the  limit  defined  by  the  geometry  of  the  model  (the  flat  plate 
leading  edge  or  sides)  or  the  axial  limit  of  integration  aft  of  the  nozzle, 

X  =  0,  2,  or  4.  5  in.  downstream  of  the  nozzle.  For  example,  FNq  repre¬ 
sents  all  the  load  generated  over  the  entire  flat  plate  upstream  of  the 
lateral  jet.  Hereafter  the  term  n  will  be  referred  to  as  the  local  "load 
distribution"  although  actually  it  is  the  local  moment  loading  about  the 
air  jet  nozzle  area  centroid. 


The  influence  of  multiple  circular  nozzle  density  on  the  pressure 
and  load  distrioution  generated  over  a  flat  plate  at  Mach  number  3.  98  by 
a  lateral  jet  is  presented  in  Fig.  17.  For  a  constant  jet  pressure  ratio, 
the  separation  length  increased  with  an  increase  in  the  number  of 
0.  125 -in.  circular  sonic  nozzles.  In  the  case  of  the  0.131-  by  3-in.  slot 
and  the  nine  hole  multiple  nozzle  configurations,  the  jet  mass  flows 
(momentums)  were  nearly  equal  and  produced  similar  axial  pressure 
and  radial  load  (n)  distributions. 


A  basic  difference  in  the  interaction  loading  produced  by  a  single 
circular  nozzle  and  a  slot  is  illustrated  in  the  load  distribution  shown 
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in  Fig.  17,  In  general,  a  major  portion  of  the  force  generated  by  a 
single  circular  nozzle  was  located  aft  of  the  nozzles  (0  >  90  deg)  along 
radial  lines  between  ^  =  120  and  150  deg.  The  lateral  jet  from  a  circu¬ 
lar  nozzle  and  the  detached  shock  wave  which  partially  envelopes  the 
jet  stream  generated  boundary -layer  separation  upstream  and  on  each 
side  of  the  circular  nozzle.  This  boundary -layer  separation  and  the 
pressure  rise  associated  with  the  enveloping  detached  shock  wave  gen¬ 
erate  a  pressure  field  similar  to  the  one  shown  in  Fig.  10a  and  sche¬ 
matically  illustrated  in  Fig.  9b.  Of  course,  the  magnitude  of  this  high 
pressure  ridge  shown  in  Fig.  9b  decreased  as  it  extended  downstream 
of  the  circular  nozzle. 

In  contrast,  a  rectangular  nozzle  or  closely  spaced  multiple  hole 
nozzle  generated  a  load  distribution  which  was  primarily  located  ahead 
of  the  jet.  Rectangular  jets  produced  this  type  of  load  distribution  at 
all  jet  pressure  ratios,  Mach  numbers,  and  Reynolds  numbers  investi¬ 
gated  in  this  program. 

The  influence  of  the  span  of  a  rectangular  sonic  nozzle  (dj  =  0.057  in. ) 
on  the  pressure  and  load  distributions  produced  by  the  jet  is  summarized 
in  Fig.  18.  In  this  case,  the  Reynolds  number  was  1.  8  x  10^  and  the 
pressure  distributions  and  schlieren  pictures  indicated  that  the  boundary- 
layer  separation  was  transitional.  As  in  the  case  of  a  single  circular 
nozzle  with  turbulent  boundary-layer  separation,  a  large  percentage  of 
the  load  occurred  downstream  of  the  rectangular  nozzle  with  a  one -inch 
span.  For  the  two-  and  three-inch  span  slots,  the  typical  concentration 
of  the  load  ahead  of  a  rectangular  nozzle  was  obtained.  Reducing  the 
rectangular  nozzle  span  reduced  the  flow  field  to  one  similar  to  that 
obtained  with  a  single  circular  nozzle. 

In  Fig.  19  the  pressure  distribution  and  the  schlieren  pictures 
obtained  at  Reynolds  number  0. 6  x  10®  indicated  that  the  separation 
was  laminar,  and  at  3.5  x  106  it  appeared  to  be  turbulent.  Also  pre¬ 
sented  in  this  figure  is  the  pressure  distribution  along  the  central 
axis  of  the  plate  in  the  absence  of  a  lateral  jet  at  a  Rex  of  0.  6  x  lO^. 

This  illustrates  the  influence  of  the  viscous  leading  edge  effects  which 
were  accounted  for  in  the  analysis  of  the  lateral  jet  pressure  data. 

Most  of  the  loading  produced  by  the  interaction  of  a  jet  from  a  single 
circular  nozzle  with  the  supersonic  stream  was  located  downstream  of 
the  nozzle  when  the  separated  boundary  layer  was  turbulent  or  transi¬ 
tional,  and  upstream  when  it  was  laminar.  In  this  case,  the  larger 
interaction  force  was  obtained  in  the  presence  of  laminar  separation. 

The  influence  of  Reynolds  number  on  0. 131-  and  0.028-in.  width 
slots  is  shown  in  Figs.  20  and  21.  The  pressure  distributions  for  these 
slots  at  the  minimum  Reynolds  number  (0.  6  x  106)  were  in  this  case 
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Indicative  of  laminar  boundary-layer  separation.  At  the  Reynolds  num¬ 
ber  of  1.5  X  10®,  the  pressure  distributions  indicate  that  the  separated 
boundary  layer  was  transitional.  These  estimates  of  the  character  of 
the  separated  boundary  layer  were  confirmed  by  schlieren  pictures  of 
the  flow  field.  Most  of  the  interaction  loading  promoted  by  a  lateral  jet 
from  a  rectangular  nozzle  occurred  upstream  of  the  nozzle  and  was 
essentially  independent  of  the  character  of  the  separated  boundary  layer. 

An  example  of  the  pressure  and  load  distributions  generated  at 
Mach  number  3.  98  over  a  flat  plate  by  a  sonic  lateral  jet  of  various 
strengths  (pj/p®  ratios)  from  rectangular  and  circular  nozzles  are  shown 
in  Figs.  22  and  23.  These  distributions  were  obtained  at  a  Reynolds  num¬ 
ber  of  1.  8  X  10®.  As  expected,  an  increase  in  jet  pressure  increased  the 
interaction  load  distribution. 

The  Mach  number  effect  on  the  local  distribution  produced  by  a 
0,  028-in.  width  rectangular  and  a  0.  125-ln.  -diam  circular  jet  is  shown 
in  Pigs.  24  and  25.  The  pressure  distributions  and  schlieren  observa¬ 
tions  of  the  slot  (Fig.  24)  indicate  that  the  separation  was  laminar  at 
Mach  number  5.01,  whereas  at  Mach  numbers  2.  99  and  3.98  the  state  of 
separation  was  transitional.  Although  not  clearly  indicated  in  the  pres¬ 
sure  distributions  of  the  circular  jet  in  Fig.  25,  the  Mach  number  5.01 
schlierens  indicated  that  the  separated  boundary  layer  was  laminar,  and 
at  Mach  numbers  2.99  and  3. 98  the  schlierens  indicated  that  the  boundary- 
layer  separation  was  transitional. 


4.5  TWO-DIMENSIONAL  THEORETICAL  ANALYSIS 


4.5.1  Vitcous  Jet  Interaction  Load 


Based  on  the  analogy  described  in  Ref.  6  which  compared  the  flow 
phenomenon  of  a  plain  spoiler  (or  step)  with  a  two-dimensional  lateral 
(spoiler)  jet,  the  following  analysis  is  proposed  for  the  case  of  a  lateral 
jet  on  a  surface  in  a  supersonic  stream.  It  has  been  shown  experimen¬ 
tally  that  a  jet  disturbs  a  turbulent  boundary  layer  in  the  same  manner 
as  a  plain  spoiler  (see  Ref.  6,  pp.  65  and  Ref.  15,  Fig.  7).  Also,  in 
the  presence  of  transitional  boundary -layer  separation,  similar  loading 
was  generated  by  a  plain  spoiler  and  a  jet  spoiler  (see  Fig.  11),  The 
step  causes  the  boundary  layer  to  separate  at  some  given  distance  ahead 
of  the  step  with  a  resulting  increase  in  the  pressure  in  the  region  of 
separated  flow. 

In  an  attempt  to  provide  a  theoretical  basis  for  the  interaction 
effects  observed  in  experiments  of  a  lateral  jet  from  a  body  of  revolution 
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at  supersonic  speeds,  an  analysis  was  made  by  Vinson,  et.  al.  (Ref,  17). 
The  assumption  was  made  that  the  jet  expanded  isentropically  without 
mixing  with  the  surrounding  airstream,  separated  the  boundary -layer 
flow,  and  caused  the  free-stream  flow  to  turn  through  an  angle,  a,  as 
shown  in  Fig.  b. 


The  area  ratio  A  /A'*,  which  is  only  a  function  of  the  pressure  ratio, 
Pi/p®*  becomes  the  ratio  of  the  effective  jet  spoiler  height  to  the  effec¬ 
tive  jet  width  for  a  unit  span.  At  various  free-stream  conditions,  rec¬ 
tangular  nozzle  widths,  and  jet  pressure  ratios  (Pj/p«>.  measurements 
of  the  effective  two-dimensional  jet  spoiler  height  as  defined  in  Fig.  26 
were  compared  to  the  area  ratio  term  (A /A*).  These  measurements 
were  obtained  from  schlierens  similar  to  the  ones  shown  in  Figs.  lOd, 

11a,  and  12,  The  effective  jet  spoiler  height  based  on  the  flow  direction 
associated  with  the  separated  boundary  layer  coincided  with  the  peak  in 
the  curvature  of  the  jet  shock  (see  Fig.  26). 

At  various  free-stream  Mach  numbers  and  two-dimensional  jet  noz¬ 
zle  widths,  a  comparison  of  the  measured  effective  jet  spoiler  height  with 
the  area  ratio  based  on  the  jet  pressure  ratio  is  shown  in  Pig.  26.  The 
smaller  nozzle  width  for  a  given  jet  pressure  ratio  produced  a  higher 
ratio  of  effective  spoiler  height  to  nozzle  width.  With  an  increase  in 
Mach  number  for  a  given  jet  pressure  ratio,  the  effective  spoiler  height 
based  on  the  experimental,  faired  curves  tends  to  decrease  slightly. 

Since  a  lateral  jet  promotes  bound  ary -layer  separation,  the  factors 
which  influence  regions  of  separated  flow  should  also  apply  in  part  to  the 
problem  of  jet-separated  boundary -layer  interaction.  Some  of  these 
factors  are  (1)  Reynolds  number,  (2)  the  type  of  flow  separation  (laminar 
or  turbulent),  (3)  Mach  number,  (4)  location  of  transition  within  the 
separated  flow  region,  and  (5)  the  strength  or  effective  spoiler  height  of 
the  jet.  For  the  present  analysis,  these  factors  are  important  because 
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of  their  ii^uence  on  the  pressure  distribution  within  the  region  of  sep¬ 
arated  flow  preceding  the  jet. 

The  pressure  rise  produced  by  a  separated  boundary  layer  ahead  of 
a  vertical  spoiler  has  been  theoretically  and  empirically  defined  for 
laminar  and  turbulent  boundary-layer  separation  as  a  function  of  free- 
stream  Mach  number  and  the  Reynolds  number  of  separation.  A  graphical 
presentation  of  the  theoretical  and  experimental  results  from  Refs.  27 
through  33  of  the  relationship  of  the  pressure  rise  (the  plateau  pressure) 
produced  by  a  separated  boundary  layer  as  a  function  of  the  free-stream 
conditions,  Mach  number  and  Reynolds  number,  is  shown  in  Fig.  27.  In 
the  present  analysis,  the  plateau  pressures  resulting  from  laminar  and 
turbulent  boundary-layer  separation  were  evaluated  on  the  basis  of  Ref.  27 
by  Gadd  and  Ref.  28  by  Erdos,  respectively. 

Since  the  separated  boundary  layer  acted  as  a  flow  deflector,  the 
flow  deflection  angle  was  selected  from  the  oblique  shock  table  of 
Ref.  25,  which  would  produce  a  pressure  rise  equal  to  the  separated 
boundary -layer  plateau  pressure.  This  assumption  provided  a  relation¬ 
ship  between  the  ratio  of  the  pressure  rise  to  the  flow  deflection  angle 
and  the  free-stream  Mach  number  for  various  separation  Reynolds  num¬ 
bers  and  is  shown  in  Figs.  28a  and  b  for  laminar  and  turbulent  boundary- 
layer  separation.  Included  in  Fig.  28  are  experimental  data  from 
Refs.  29,  30,  and  33.  Thus  the  estimate  of  the  flow  deflection  angle,  a, 
the  effective  jet  spoiler  height,  h,  and  the  pressure  rise  produced  by  the 
boundary  layer  provided  the  information  required  to  evaluate  the  viscous 
portion  of  the  lateral  jet  interaction  force  acting  upstream  of  the  jet. 

FNj  •=  taaa  per width 

When  nondimens  ionalized  by  Fj  the  expression  becomes 

(^/°) (^) 

-  >] 

where  the  expression  for  h/de  is  defined  in  Fig.  26  by  the  A /A*  ratio, 
and  it  was  assumed  that  ajtsna  ~  1. 

The  influence  of  the  separation  Reynolds  number,  jet  pressure  ratio, 
and  free-stream  Mach  number  on  the  two-dimensional  jet  viscous  inter¬ 
action  to  jet  reaction  force  ratio  is  shown  in  Fig.  29.  For  a  two- 
dimensioned  latered  jet,  the  following  conditions  will  theoreticedly  in¬ 
crease  the  ratio  of  the  viscous  portion  of  the  interaction  loading  to  the 
jet  reaction  force:  (1)  a  decrease  in  the  jet  pressure  ratio.  (2)  an  increase 
in  the  free-stream  Mach  number,  (3)  a  decrease  in  the  separation  Reynolds 
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number,  and  (4)  a  change  in  the  character  of  the  boundary -layer  separa¬ 
tion  from  laminar  to  turbulent.  If  an  allowance  was  made  for  the  actual 
influence  of  the  jet  width  on  the  effective  spoiler  height  as  shown  in 
Fig.  26,  then  a  decrease  in  the  nozzle  width  in  some  cases  would  also 
theoretically  generate  a  higher  interaction  force  ratio  (Fni/Fj). 

4J>2  Inviaeld  Jet  Interaction  Load 

The  previous  analysis  does  not  include  the  pressure  loading  or  inter¬ 
action  force  resulting  from  the  inviscid  interaction  of  the  jet  stream  with 
the  free-stream  flow.  In  the  absence  of  boundary-layer  viscous  effects, 
the  shock  produced  by  the  jet  would  locally  promote  additional  loading 
on  the  model  surface  in  the  immediate  vicinity  of  the  air  jet  nozzle.  The 
assumption  is  made  that  the  jet  acts  as  a  two-dimensional  flat-nosed 
blunt  body  having  a  height,  h.  in  a  supersonic  stream. 


The  TnaviTnuin  pressure  loading  on  the  plate  between  the  jet  nozzle 
and  the  detached  shock  (jet  free-stream  shock)  was  assumed  to  be  equal 
to  the  product  of  the  static  pressure  obtained  downstream  of  a  normal 
shock  and  the  shock  detachment  distance,  A*. 

An  estimate  of  the  shock  detachment  distance  was  obtained  from 
Ref.  34  (pp.  253,  254)  and  in  terms  of  the  present  nomenclature,  is  as 
follows : 

=  (-^]  1.578  when  y  -  1.4 

The  incremental  increase  in  pressure  generated  by  the  normal  shock 
would  be  defined  as 
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Therefore  the  ratio  of  the  two-dimensional  interaction  force  to  the  sonic 
jet  reaction  force  can  be  estimated  from  the  following  relationship: 

JjSl  .  (#)(^)(-^) 

This  relation  is  assiuned  to  represent  the  maximum  inviscid  interaction 
load  that  could  be  generated  on  a  planar  surface  by  the  interaction  of  a 
two-dimensional  lateral  jet  with  the  supersonic  free  stream. 

4.5.3  Net  Interaction  Load 


Observations  of  the  experimental  pressure  distributions  produced 
by  a  lateral  jet  in  a  supersonic  stream  revealed  that  the  initial  pressure 
rise  can  be  attributed  to  boundary -layer  separation,  but  the  additional 
pressure  rise  located  between  the  nozzle  and  the  jet  free-stream  inter¬ 
action  shock  was  assumed  to  be  created  by  the  interaction  of  the  jet 
stream  with  the  supersonic  free  stream  (see  Figs,  d  and  17), 


{p/p  -1) 


00 
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Fig.  d  Typical  Two’Dimentionaf  Pretsura  Distribution 

As  a  first  approximation,  it  has  been  assumed  that  the  net  interaction 
load  may  be  obtained  by  simply  adding  the  viscous  and  inviscid  theo¬ 
retical  estimates. 


Thus 


(net)  = 


(inviscid)  4 


FNi 


(viscous  ) 


for  a  given  jet  spoiler  height  or  in  this  case  jet  pressure  ratio,  pj/p„. 
The  results  are  summarized  in  Fig.  29. 
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4^  THREE-DIMENSIONAL  THEORETICAL  ANALYSIS 
4.6.1  Viscous  Jd  Interaction  Force 

To  utilize  the  results  obtained  in  the  two-dimensional  analysis  in 
evaluating  the  interaction  load  generated  by  a  circular  jet.  a  change  in 
the  assumed  pressure  distribution  ahead  of  the  jet  must  be  made.  The 
isobars  of  the  pressure  distribution  generated  by  the  interaction  of  a  cir¬ 
cular  jet  with  a  supersonic  stream  were  observed  to  lie  in  concentric 
elliptical  or  nearly  circular  lines  about  the  jet  in  the  two  upstream  quad¬ 
rants,  Therefore  the  interaction  load  on  a  planar  surface  was  also 
assumed  to  be  distributed  in  the  form  of  a  concentric  circle  about  the 
circular  nozzle.  The  area  over  which  the  separated  boundary -layer 
plateau  pressure  acts  was  defined  as  being  equal  to 


where  "h"  is  the  effective  circular  nozzle  spoiler  height  for  a  particular 
nozzle  jet  pressure  ratio  (pj/p„),  and  a  is  the  flow  deflection  angle  of  the 
separated  boundary  layer.  Therefore  the  interaction  force  acting  up¬ 
stream  of  the  jet  becomes 


Since  the  ratio  (a /tan  a)  may  be  assumed  to  be  equal  to  unity,  the  ratio 
of  the  viscous  interaction  force  to  jet  reaction  force  was  evaluated  in 
the  following  manner: 

^  (tt) 

"■i 

Utilizing  theoretical  oblique  shock  results,  the  flow  deflection  angle, 
a,  can  be  related  to  the  plateau  pressure  of  the  separated  boundary  layer. 
The  other  factors  in  the  above  expression  are  known  except  the  ratio  of 
the  effective  jet  spoiler  height  to  jet  diameter.  The  relationship  between 
the  effective  spoiler  height  of  a  circular  jet  operating  at  various  jet  pres¬ 
sure  ratios  was  determined  experimentally  and  is  shown  in  Fig.  30.  As  in 
the  case  of  the  two-dimensional  (rectangular)  jet,  schlierens  were  used  as 
illustrated  to  evaluate  the  jet  spoiler  height.  The  jet  spoiler  height  to  jet 
nozzle  diameter  was  primarily  a  function  of  the  jet  pressure  ratio  and 
independent  of  the  free-stream  Mach  number  in  the  range  from  4  to  5, 
Reynolds  number,  and  nozzle  diameter  in  the  range  0.062  ^  dj  ^  0.  25  in. 

An  estimate  of  the  viscous  effects  on  the  interaction  forces  generated 
by  a  circular  lateral  jet  in  a  supersonic  stream  are  shown  in  Fig.  31. 
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Because  of  the  influence  of  the  flow  separation  angle  in  the  interaction 
force  expression,  an  increase  in  the  ratio  of  the  interaction  force  to  the 
jet  reaction  force  occurred  with  an  increase  in  the  Reynolds  number 
(Res)  or  when  the  boundary -layer  separation  changed  from  a  turbulent 
to  laminar  state.  Unlike  the  two-dimensional  theoretical  results,  an  in¬ 
crease  in  the  jet  pressure  ratio  for  the  circular  nozzle  increased  the 
viscous  portion  of  the  resultant  interaction  force. 


4,6.2  Invltcfd  Jet  Interactien  Ferce 


Assuming  that  the  jet  is  strong  or  that  the  boundary-layer  thickness 
is  insignificantly  small  relative  to  the  jet  exhaust  nozzle  diameter,  the 
mechanism  involves  a  jet  which  expands  from  an  outlet  and  causes  a 
strong  compression  wave  in  the  supersonic  free  stream  to  envelope  the 
upstream  portion  of  the  lateral  circular  jet.  The  problem  was  analyzed 
by  Ferrari  in  Ref.  19  for  a  circular  jet  located  on  a  flat  plate  and  a 
cylindrical  body.  The  general  model  for  this  analysis  is  illustrated 
below  (Fig.  e): 


Expanded  Jet 
Stream  Tube 


In  developing  this  theory  it  was  assumed  that  no  boundary -layer  flow 
is  present,  that  no  mixing  between  jet  and  free  stream  occurs,  and  that 
a  detached  shock  wave  is  generated  by  the  jet.  Using  hypersonic  approxi¬ 
mations,  the  shape  of  the  detached  shock  and  the  affected  surface  area 
containing  the  circular  jet  are  determined  on  the  basis  of  an  assumed  con¬ 
tour  for  the  expanded  jet  stream.  This  theoretical  approach  predicts  an 
increase  in  the  inviscid  interaction  force  ratio  (Fj^^/Fj)  with  Mach  number 
and  decreasing  jet  pressure  ratio. 

Since  the  pressure  distribution  resulting  from  the  separated  boundary 
layer  (viscous  effect)  was  assumed  to  be  in  the  form  of  a  step  function,  an 
additional  rise  above  the  plateau  pressure  was  attributed  to  the  inviscid 
interaction  phenomenon  (see  Figs,  f  and  17). 
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Fig.  f  Assumed  Pressure  Distributions 

A  description  of  the  procedure  for  computing  this  inviscid  jet  inter¬ 
action  force  described  in  Ref.  19  is  presented  in  the  appendix.  An 
estimate  of  the  combined  effects  of  the  viscous  and  inviscid  interaction 
generated  by  a  circular  lateral  jet  was  obtained  by  adding  the  theoretical 
inviscid  interaction  forces  for  a  given  jet  pressure  ratio  and  Mach  num¬ 
ber  obtained  in  Ref.  19  to  the  viscous  estimates  presented  herein.  The 
results  of  this  combination  of  interaction  forces  are  presented  in  Fig.  31. 


4.7  EXPERIMENTAL  FLAT  PLATE  RESULTS 
4*7.1  Tw»*Dimensional  Anulysis 

Since  the  theoretical  results  were  based  on  a  two-dimensional  anal¬ 
ysis,  a  comparison  was  made  with  the  experimentally  evaluated  local 
interaction  force  (fni)  upstream  of  the  jet  along  the  central  ray  {<f>  =  0)  of 
the  plate.  As  shown  in  Fig.  32,  the  theoretical  and  experimental  results 
indicated  that  an  increase  in  the  two-dimensional  force  ratio  (fuj/fj)  was 
obtained  with  an  increase  in  free-stream  Mach  number  and  decrease  in 
jet  pressure  ratio  (pj/Pai)*  Also  the  experimental  results  indicated  that 
a  decrease  in  the  jet  width  or  increase  in  the  rectangular  nozzle  aspect 
ratio  (j?/d:j)  increased  the  two-dimensional  interaction  force  ratio  and  the 
agreement  between  the  experimental  and  theoretical  results  improved. 
These  results  indicated  that  the  high  aspect  ratio  rectangular  nozzles 
produced  an  interaction  force  more  nearly  equal  to  the  two-dimensional 
theoretical  analysis  which  assumes  that  the  aspect  ratio  is  infinite. 

The  two-dimensional  interaction  to  jet  reaction  force  ratios  were 
nearly  equal  when  produced  by  3 -in,  span  rectangular  nozzles  of  different 
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widths  but  with  the  same  jet  mass  flow  or  in  this  case  jet  momentum. 

For  example,  compare  the  force  ratio  (fni/fj)  produced  by  the  0.  028-  by 
3 -in.  slot  at  a  jet  pressure  ratio  of  500  with  the  force  ratios  associated 
with  the  0.  131-  by  3-in.  slot  at  Pj/Poj  of  100.  Therefore  this  two- 
dimensional  analysis  and  the  subsequent  results  presented  herein,  per¬ 
taining  to  the  net  experimental  interaction  force  produced  by  lateral 
sonic  jets,  indicated  that  the  interaction  force  appeared  to  correlate 
best  as  a  function  of  the  jet  mass  flow  (or  momentum).  Although  the 
present  theoretical  approach  was  based  on  the  relationship  of  the  inter¬ 
action  force  ratio  and  the  jet  pressure  ratio  instead  of  the  jet  momentum, 
the  theory  as  shown  in  these  and  subsequent  figures  did  provide  a  satis¬ 
factory  estimate  of  the  interaction  force  and  indicated  the  influence  of 
the  Mach  number,  the  jet  strength  (pj/p„),  and  character  of  the  boundary 
layer  on  the  interaction  force  ratio. 

An  indication  of  the  three-dimensional  character  of  the  interaction 
produced  by  a  jet  from  a  single  circular  nozzle  as  compared  to  a 
multiple  nozzle  or  slot  is  presented  in  Fig.  33  for  ^  =  0.  As  the  density 
of  the  multiple  circular  nozzle  increased  <e/dj  —  0)  and  approached  the 
cross-sectional  area  of  the  slot,  Aj  (holes)  Aj  (slot),  the  interaction 
force  ratio  approached  the  value  produced  by  the  jet  from  the  slot. 

For  a  given  nozzle  width  (dj  =  0.  057  in. )  the  effect  of  the  slot  span 
on  the  local  interaction  force  ratio  generated  along  the  central  ray 
(0=0)  ahead  of  the  jet  is  shown  in  Fig.  34,  Increasing  the  nozzle  span 
resulted  in  an  increase  in  the  ratio  of  the  local  interaction  force  to  jet 
reaction  force.  As  in  the  case  of  the  0.  131-in.  slot,  an  increase  in  jet 
momentum  (an  increase  in  pj/p„)  of  the  0.  057-in.  slot  decreased  the 
interaction  force  ratio. 


4,7.2  Net  Interaction  Force 


The  net  interaction  load  (FNq)  ahead  of  the  nozzle  for  various  free- 
stream  Mach  numbers,  Reynolds  numbers,  and  nozzle  configurations 
versus  the  jet  momentum  (mass  flow)  parameter,  (pj/p„  )Ae,  is  presented 
in  Fig.  35.  For  an  equivalent  jet  momentum  and  Reynolds  number,  the 
rectangular  nozzles  generated  larger  interaction  forces  than  the  circular 
nozzles.  In  general,  an  increase  in  the  hole  density  of  the  nozzle  con¬ 
figuration  increased  the  interaction  force  for  a  given  jet  momentum  at 
<Pj/p«)Ae  >  5  and  Reynolds  numbers  ^  1.  9  x  106  (see  Pig.  35b).  Not 
only  the  local  interaction  (fni)  but  also  the  resultant  interaction  force  (FNo) 
tend  to  indicate  that  a  reduction  in  the  slot  span  reduced  the  interaction 
force  value  for  a  given  jet  momentum  (see  Fig.  35c). 

Within  the  accuracy  of  the  integrated  test  results,  the  influence  of 
the  state  of  the  boundary  layer  (or  free-stream  Reynolds  number)  was 
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not  significant  at  Mach  numbers  3.  98  and  5.  01.  In  the  case  of  the  Mach 
'number  2.  99  results  (Fig.  35a),  the  higher  ratio  of  the  interaction  force 
to  the  free -stream  dynamic  pressure  was  obtained  at  the  lowest  Reyn¬ 
olds  number. 

Except  for  the  Mach  number  2.  99  data  with  laminar  separation 
ahead  of  the  lateral  jet,  the  best  fairing  of  the  results  of  Fig.  35  was  of 
the  following  form: 

—  .  =on.t.»l  (-p;^  A.  ) 

The  jet  pressure  ratio  (pj/p»)  was  taken  as  an  upper  limit  in  the 
theoretical  relationships  of  Refs.  17  and  19,  expressing  the  interaction 
force  as  a  function  of  the  jet  pressure  ratio,  and  the  following  result 
was  obtained; 

=  constant  / ,  -^  >  100 

q-  \  P«./  Poc 

Although  these  theoretical  and  experimental  relationships  are  not  exactly 
identical,  for  a  given  jet  nozzle  cross-sectional  area,  the  rate  of  change 
of  the  interaction  force  with  the  jet  pressure  ratio  was  similar. 

Since  a  large  share  of  the  load  generated  by  the  interference  of  a 
jet  from  a  single  circular  nozzle  occurred  aft  of  the  nozzle  station,  the 
inclusion  of  this  load  increased  the  net  interaction  load  as  shown  in 
Fig.  36a.  In  this  figure,  the  resultant  interaction  force  from  the  model 
leading  edge  to  model  stations  x  are  plotted  against  the  aft  limit  of  inte¬ 
gration,  x/dj.  The  value  at  x/dj  =  64  represents  an  estimate  of  the  inter¬ 
action  load  obtained  from  the  internal  strain-gage  force  measurements. 
These  results  suggested  that  an  increase  in  the  aft  length  of  the  plate 
would  increase  the  net  interaction  force  for  a  circular  nozzle  up  to  a 
maximum  value  at  x/dj  =  36  (x/L  =1.6)  for  pj/p*  =  100. 

An  increase  in  the  aft  limit  of  integration  for  the  rectangular  nozzle 
produced  a  slight  decrease  in  the  resultant  interaction  force  (see  Fig.  36b). 
As  in  the  case  of  the  circular  nozzle,  a  high  pressure  field  partially 
enclosed  and  extended  downstream  of  the  rectangular  nozzle  as  illus¬ 
trated  in  Fig.  9,  but  the  influence  of  this  high  pressure  field  on  the  plate 
was  apparently  not  large  enough  to  outweigh  the  negative  loading  Located 
immediately  aft  of  the  rectangular  air  jet. 

The  Mach  number  influence  on  the  interaction  loading  is  summarized 
in  Fig.  37  for  rectangular  and  circular  nozzles.  In  general, the  inter¬ 
action  loading  decreases  with  increasing  Mach  number  for  a  constant  jet 
momentum  which  is  proportional  to  (pj/p®)Ae.  For  a  constant  jet 
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momentum,  in  general,  the  rectangular  nozzles  generated  a  larger  inter¬ 
action  force  than  the  circular  nozzles  as  the  free -stream  Mach  number 
was  increased  {compare  Figs.  37a  with  b).  At  Mach  number  2.  99  and 
Rex  =  1.  9  to  3,  7  X  10®,  the  maximum  interaction  force  (FN4.5)  produced 
by  the  circular  nozzle  was  about  equal  to  the  force  produced  by  the  rec¬ 
tangular  nozzle, 

4.7.3  Interaction  Force  Center  of  Pressure 

The  center  of  pressure  (cp)  location  of  the  interaction  load  ahead  of 
the  lateral  jet  at  Mach  numbers  2.  99,  3.  98,  and  5,  01  is  shown  in  Fig.  38. 
Increasing  the  jet  momentum  moved  the  center  of  pressure  (cp)  upstream. 
At  Mach  numbers  2.  99  and  3.  98,  the  cp  location  was  displaced  further 
upstream  from  a  rectangular  nozzle  jet,  but  at  Mach  number  5.  01  it  was 
displaced  further  upstream  from  the  circular  jet.  The  effect  of  Reynolds 
number  on  the  cp  location  was  not  significant. 

4.7.4  Theoroticol  and  Experimonkol  Comparisons 

The  jet  interaction  results  of  Fig.  35  are  presented  again  in  Fig.  39 
in  the  form  of  the  ratio  of  the  interaction  force  to  the  jet  reaction  force 
(FNo/Fj)  versus  the  jet  pressure  ratio  (pj/p*)  and  compared  with  various 
theoretical  estimates.  The  correlation  of  the  theoretical  and  experi¬ 
mental  results  improved  with  increasing  Mach  number.  Included  on  each 
figure  is  the  theoretical  estimate  of  the  inviscid  interaction  force  and  the 
theoretical  net  interaction  force  which  includes  the  viscous  and  inviscid 
effects. 

In  general,  the  experimentally  evaluated  ratio  of  interaction  force 
to  jet  reaction  force  produced  by  a  circular  nozzle  fell  within  the  theo¬ 
retical  estimates  (see  Figs.  39a,  c,  and  e).  These  residts  indicated 
that  the  interaction  force  ratio  (FNo/Fj)  increased  with  decreasing  jet 
pressure  ratio. 

Although  the  theoretical  results  show  that  the  interaction  produced 
by  laminar  separation  was  larger,  the  scatter  in  the  experimental  results 
concealed  the  influence  of  the  character  of  the  separated  boundary  layer 
on  the  interaction  force  produced  by  a  circular  jet.  Similarly,  the  theo¬ 
retical  results  indicate  that  the  interaction  force  ratio  increased  with  the 
free -stream  Mach  number,  but  the  experimental  results  do  not  clearly 
substantiate  this  trend. 

The  rates  of  change  in  the  interaction  force  ratio  produced  by  the 
rectangular  nozzle  jets  with  the  jet  pressure  ratio  agree  with  the  theo¬ 
retical  trends  (see  Figs.  39b,  d,  and  f).  The  theoretical  results  bracket 
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most  of  the  experimental  results  at  Mach  numbers  3.  98  and  5.  01.  In 
general,  the  experimental  interaction  force  ratios  exceeded  the  Mach 
number  2.  99  theoretical  estimates.  As  in  the  case  of  the  circular  noz¬ 
zles,  the  experimentally  determined  rectangular  nozzle  jet  interactions 
do  not  clearly  define  the  influence  of  the  character  of  the  boundary  layer 
on  the  jet  interaction  force  ratio. 

Based  on  the  present  experimental  results  obtained  at  Mach  num¬ 
ber  5,  the  variation  of  the  resultant  control  force  produced  by  a  lateral 
sonic  jet  located  on  a  flat  surface  is  shown  in  Fig.  40  at  various  altitudes 
within  the  flight  corridor.  In  this  particular  case  the  force  produced  by 
a  0.  028-  by  3 -in.  slot  was  compared  with  the  force  produced  by  a  single 
0.  25-in.  -diam  circular  nozzle  operating  at  the  same  jet  momentum,  and 
the  comparison  indicates  that  the  slot  was  more  effective  at  all  altitudes. 
Since  the  variation  in  Mach  number  had  only  a  10  percent  effect  on  the 
interaction  force  produced  by  the  lateral  jet,  these  particular  curves  of 
jet  control  force  versus  altitude  are  applicable  in  the  Mach  number 
range  from  2.  99  to  5.  01.  The  effect  of  operating  a  lateral  jet  at  the 
lower  altitudes  (  =  10^  ft)  theoretically  increased  the  resultant  jet  con¬ 
trol  force  by  a  factor  of  at  least  four  times  the  value  present  at  altitudes 
above  the  flight  corridor  (altitudes  =  105  ft). 

An  empirically  determined  correlation  factor  was  proposed  in  Ref.  13, 
which  would  include  the  effects  of  the  surface  geometry  of  the  flat  plate, 
the  relative  location  of  the  circular  nozzle  jet,  and  the  sonic  nozzle  diam¬ 
eter  on  the  interaction  force  ratio.  This  correlation  technique  was  applied 
to  the  present  integrated  pressure  results  and  is  presented  in  Fig.  41. 
Although  the  jet  nozzle  diameter  appeared  to  be  correlated,  the  plate  geom¬ 
etry  yields  three  distinct  curves  for  three  ratios  of  plate  length  containing 
the  interaction  load  to  the  length  from  the  model  leading  edge  to  the  jet 
location  (L/X).  For  a  given  jet  pressure  ratio  and  nozzle  diameter,  this 
disagreement  indicated  that  the  rate  of  change  of  the  resultant  interaction 
load  increased  more  rapidly  than  indicated  by  the  correlation  factor-as  the 
nozzle  location  was  moved  forward  of  the  flat  plate  trailing  edge. 


4.8  LATERAL  JET  FROM  A  BODY  OF  REVOLUTION 

In  many  respects  the  flow  generated  by  a  lateral  jet  from  a  sonic 
nozzle  on  a  hollow  cylinder  or  a  nine -caliber  ogive  was  similar  to  a  jet 
from  a  sonic  nozzle  on  a  flat  plate.  In  Figs.  42  through  44,  examples 
of  the  pictorial  representation  of  the  flow  generated  about  a  hollow  cylin¬ 
der  and  an  ogive  by  a  lateral  jet  are  presented  in  the  form  of  oil  flow  and 
schlieren  pictures.  As  in  the  case  of  the  flat  plate  results,  the  oil  flow 
picture  (Fig.  42a)  and  the  pressure  distributions  revealed  the  same 
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typical  high  pressure  ridges  associated  with  circular  nozzles.  Also  the 
low  pressure  field  just  downstream  of  the  nozzle  between  these  high 
pressure  ridges  was  observed.  As  in  the  case  of  the  flat  plate,  this  low 
pressure  field  downstream  of  the  nozzle  promoted  little  oil  flow.  A 
similar  correlation  pertaining  to  a  rectangular  nozzle  jet  flow  field  on  a 
hollow  cylinder  and  a  flat  plate  was  observed  by  noting  the  similarities 
of  the  oil  flow  patterns  and  the  high  and  low  pressure  fields. 

The  difference  in  the  boundary-layer  separation  distances  generated 
by  the  same  circular  jet  nozzle  with  a  similar  jet  momentum  on  the 
hollow  cylinder  and  the  ogive  is  compared  in  Figs.  42a  and  43a.  Although 
the  jet  momentum  from  the  nozzle  on  the  ogive  was  slightly  smaller,  the 
separation  distance  was  25  percent  larger  than  the  separation  distance  on 
the  hollow  cylinder.  In  both  cases,  the  separation  appeared  to  be  turbu¬ 
lent.  The  rectangular  nozzle  jet  generated  a  separation  which,  in  the 
presence  of  a  turbulent  boundary  layer  on  the  ogive,  was  only  slightly 
larger  than  the  separation  length  on  the  cylinder  (compare  Figs.  42b 
and  44d). 

In  Fig.  43,  the  influence  of  Reynolds  number  and  the  state  of  the 
boiindary  layer  on  the  separation  generated  by  the  same  circular  nozzle 
with  nearly  the  same  jet  momentum  were  compared.  The  separation 
length  in  Figs.  43a  and  b  are  identical;  in  both  cases  the  separation  ap¬ 
peared  to  be  fully  turbulent.  The  Reynolds  number  of  the  first  figure 
(43a)  was  twice  that  of  the  second  (Fig.  43b),  but  a  boundary -layer  trip 
was  added  to  the  model  nose  when  the  lower  Reynolds  number  results 
were  recorded.  Removing  the  trip  resulted  in  the  flow  field  shown  in 
Fig.  43c,  where  the  separation  distance  was  larger  and  partially  laminar 
or  transitional  in  character. 

4«6.1  Local  Intoraction  Pressure  Loading 


Typical  pressure  distributions  obtained  in  the  presence  of  a  lateral 
jet  on  an  ogive  at  Mach  number  3.  98  are  shown  in  Fig.  45.  This  repre¬ 
sents  the  axial  pressure  distribution  at  two  body  coordinates,  =  0  and 
59  deg  (see  Fig.  5).  The  influence  of  Reynolds  number,  the  state  of  the 
boundary  layer,  and  the  jet  pressure  ratio  (pj/p„)  on  the  pressure  distri¬ 
bution  is  compared  with  the  basic  distribution  obtained  in  the  absence  of 
any  jet.  Again  the  longer  length  of  interaction  region  was  obtained  at  the 
lower  Reynolds  number.  In  comparison  with  the  flat  plate  results,  the 
pressure  aft  of  the  jet  nozzle  on  the  bodies  of  revolution  appeared  to  be 
much  lower  and  extended  over  a  larger  surface  area. 

4.8.2  Net  Interaction  Force 

As  a  result  of  the  disturbance  generated  by  the  nozzle  block  attach¬ 
ment  tab  (see  Figs.  42  through  44),  the  pressure  data  was  only  integrated 
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up  to  the  model  station  occupied  by  the  nozzle  block  (x  =  0).  These 
results  for  the  hollow  cylinder  and  ogive  are  shown  in  Figs.  46  and  47. 
In  general,  the  interaction  forces  generated  on  the  hollow  cylinder 
agreed  quite  well  with  the  results  obtained  on  the  flat  plate.  A  change 
in  the  Reynolds  number  from  2.  0  to  3.  9  x  10®  had  no  significant  effect 
on  the  interaction  force  produced  on  the  hollow  cylinder  by  the  lateral 
jet. 


The  interaction  loads  generated  by  the  lateral  jet  on  the  ogive  were 
slightly  less  than  those  obtained  on  the  hollow  cylinder.  Doubling  the 
Reynolds  number  or  a  change  in  the  character  of  the  boundary  layer 
from  laminar  to  turbulent  increased  the  interaction  force  generated  by 
the  circular  sonic  jet  on  the  ogive.  The  magnitude  of  the  incremental 
increase  in  the  interaction  force  resulting  from  the  turbulent  boundary- 
layer  separation  relative  to  the  force  obtained  in  the  presence  of  lami¬ 
nar  separation  increased  with  the  jet  momentum  (see  Fig.  46). 

4.8.3  Th«oretical  Estimatss  and  Experimental  Comporiaons 

The  similarity  in  the  pressure  and  flow  field  results  of  the  flat 
plate  and  hollow  cylinder  should  not  yield  the  same  interaction  forces 
because  of  the  differences  in  the  geometry  of  the  bodies  involved.  For 
example,  if  a  given  flat  plate  load  distribution  could  be  directly  super¬ 
imposed  on  a  hollow  cylinder,  the  particular  size  or  curvature  of  the 
cylinder  would  have  a  direct  influence  on  the  magnitude  of  the  interaction 
force.  Thus  the  relative  size  of  the  jet  nozzle  to  the  local  curvature  of 
the  surface  containing  the  nozzle  and  jet  momentum  would  have  a  direct 
influence  on  the  interaction  force. 

On  a  flat  plate,  the  maximum  interaction  force  of  a  circular  sonic 
jet  was  theoretically  obtained  in  the  presence  of  laminar  separation.  At 
jet  pressure  ratios  (pj/Pa,)  above  100,  the  jet  interaction  force  in  the 
presence  of  turbulent  separation  on  the  ogive  was  larger  than  the  value 
obtained  in  the  presence  of  laminar  boundary  layer  separation  (see 
Fig.  48).  This  influence  of  the  character  of  the  boundary-layer  separa¬ 
tion  and  the  free -stream  Reynolds  number  on  the  jet  interaction  force  on 
a  body  of  revolution  can  be  estimated  theoretically.  Utilizing  the  assumed 
theoretical  viscous  pressure  loading  described  for  a  circular  jet  located 
on  a  flat  plate  in  section  4.  6,  the  additional  assumption  was  made  that 
this  flat  plate  loading  about  a  circular  jet  is  simply  wrapped  around  the 
body  of  revolution.  This  technique  provided  a  rough  theoretical  estimate 
of  the  jet  interaction  force  produced  by  the  separated  boimdary  layer 
ahead  of  the  jet  free -stream  interaction  shock  and  when  added  to  the 
inviscid  results  provided  in  Ref.  19  by  C.  Ferrari  yielded  the  result 
shown  in  Fig.  48.  Included  in  Fig.  48  are  the  theoretical  inviscid  results 
of  Ref.  19. 
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The  theoretical  and  experimental  variation  of  the  jet  interaction  force 
generated  in  the  presence  of  turbulent  bound  ary -layer  separation  relative 
to  the  force  obtained  with  laminar  separation  agreed  fairly  well.  These 
theoretical  results  were  evaluated  for  a  sonic  nozzle  to  body  diameter 
ratio  (dj/D)  of  0.  070  and  a  separation  Reynolds  number  of  106.  The  in- 
viscid  interaction  generated  by  the  lateral  circular  jet  (as  derived  in 
Ref.  19)  was  primarily  a  function  of  the  jet  pressure  ratio  and  free-stream 
Mach  number;  the  viscous  portion  of  the  jet  interaction  derived  herein 
depended  on  the  jet  nozzle  diameter  to  body  diameter  ratio,  jet  pressure 
ratio  (which  determines  the  effective  jet  spoiler  height),  the  separation 
Reynolds  number,  the  character  of  the  separated  boundary  layer,  and  the 
free-stream  Mach  number.  Therefore  the  theoretical  curve  (dashed  lines) 
presented  in  Fig.  48  for  the  net  interaction  load  generated  by  a  lateral 
circular  jet  on  an  ogive  represent  one  particular  set  of  conditions. 

As  shown  by  a  comparison  of  the  theoretical  results  with  the  present 
experimental  data  and  the  data  of  Refs.  17  and  18  in  Fig.  48,  the  present 
theoretical  analysis  not  only  predicts  the  influence  of  the  character  of  the 
boundary  layer  ahead  of  the  jet  on  the  interaction  loading  but  also  the  in¬ 
fluence  of  the  sonic  nozzle  to  body  diameter  ratio,  dj/D,  on  the  inter¬ 
action  loading,  A  comparison  of  the  present  experimental  results  with 
those  of  Ref.  18  which  were  obtained  for  two  larger  dj/D  ratios  indicated 
that  the  interaction  force  ratio  decreased  as  the  dj/D  ratio  increased, 
and  this  result  was  theoretically  substantiated  but  not  shown  in  Fig.  48. 

The  present  experimental  results  are  compared  with  other  results 
in  Fig.  49  on  the  same  general  basis  as  the  flat  plate  results,  namely, 
the  interaction  force  versus  the  jet  momentum  parameter,  (pj/p.lAe. 
Included  in  this  figure  are  the  experimentally  determined  interaction 
coefficients  generated  on  a  hollow  cylinder.  The  results  in  this  form 
indicated  that  with  increasing  jet  momentum,  the  interaction  force  coef¬ 
ficient  increased  if  the  state  of  the  boundary-layer  separation  was  turbu¬ 
lent  and  decreased  or  remained  the  same  if  the  separation  was  laminar. 
Also  moving  the  jet  forward  of  the  model  base  reduced  the  interaction 
force  coefficient.  Unlike  the  flat  plate  or  hollow  cylinder  results,  the 
jet  interaction  force  for  a  given  jet  momentum  on  the  nine-caliber  ogive 
was  quite  sensitive  to  the  state  of  the  boundary  layer,  the  model  size  to 
jet  nozzle  diameter  ratio,  the  relative  axial  location  of  jet  nozzle,  and 
free-stream  Reynolds  number, 

5.0  CONCLUDING  REMARKS 


The  following  significant  results  were  obtained  with  the  present  test 
models  at  Mach  numbers  2.  99,  3.  98,  and  5.  01  in  the  overall  Reynolds 
number  range  from  0.  5  to  6.  0  x  10®  and  are  briefly  summarized. 
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1.  In  many  respects  a  lateral  sonic  jet  produced  the  same  type  of 
flow  field  as  a  vertical  spoiler  (step)  in  a  supersonic  stream. 

2.  The  interaction  force  produced  by  lateral  jets  increased  if  any 
one  of  the  following  parameters  were  increased:  the  jet 
momentum,  the  density  of  the  multiple  circular  nozzle  con¬ 
figuration,  the  span  (or  aspect  ratio)  of  a  rectangular  nozzle; 
or  if  a  single  circular  sonic  nozzle  was  replaced  by  a  rectang¬ 
ular  sonic  nozzle  with  the  same  effective  throat  area;  or  if  the 
single  circular  nozzle  was  located  forward  of  the  trailing  edge 
of  a  planar  surface.  In  the  case  of  the  ogive,  the  interaction 
force  also  increased  if  the  separated  boundary  layer  ahead  of 
the  lateral  jet  was  turbulent  and  the  jet  parameter  (pj/Pa,)Ag  ilO, 
if  the  nozzle  was  located  at  the  most  aft  model  station  near  the 
model  base,  or  if  the  free -stream  Reynolds  number  was  in¬ 
creased. 

3.  A  linear  combination  of  the  theoretical  estimates  of  the  jet 
interaction  force  ratio  (FNi/Fj)  produced  by  the  viscous  and 
inviscid  interaction  of  a  latersd  jet  with  a  supersonic  stream 
were  in  reasonably  good  agreement  with  the  experimental 
results. 

4.  As  shown  theoretically  and  experimentally,  the  ratio  of  the 
interaction  force  to  the  jet  reaction  force  generally  increased 
with  decreasing  jet  pressure  ratio  and  increasing  free-stream 
Mach  number. 

For  a  given  Res  value,  a  plane  surface  containing  a  rectangular 
lateral  sonic  jet  theoretically  produced  the  largest  interaction 
force  in  the  presence  of  turbulent  separation,  but  a  circular  jet 
produced  the  maximum  interaction  in  the  presence  of  laminar 
separation.  On  a  body  of  revolution  for  jet  pressure  ratios  >  200, 
a  circular  jet  experimentally  and  theoretically  produced  the 
largest  interaction  in  the  presence  of  turbulent  separation  when 
the  ratio  of  dj/D  =  0.07.  For  weaker  jets  (Pj/Pa,  <  200),  laminar 
separation  produced  the  higher  circular  jet  interaction  force. 

5 .  In  the  case  of  the  flat  plate  data,  the  correlation  between  the 
theoretical  and  experimental  results  tended  to  improve  at  the 
higher  Mach  numbers.  In  most  cases,  the  theoretical  estimates 
of  the  interaction  force  generated  by  a  lateral  circular  jet  located 
at  the  aft  station  of  a  body  of  revolution  fell  within  the  experi¬ 
mental  values  based  on  laminar  and  turbulent  boundary-layer 
separation. 
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6.  These  experimental  results  indicated  that  a  single  circular  jet 
should  be  placed  about  30  nozzle  diameters  for^vard  of  the 
trailing  edge  of  planar  surfaces  and  at  the  base  edge  of  bodies 
of  revolution  to  achieve  the  maximum  interaction  force.  In 
general,  the  best  nozzle  configuration  for  most  applications 
appeared  to  be  a  rectangular  nozzle  (slot)  or  multiple  circular 
nozzle  configuration  located  at  the  model  trailing  edge. 
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APPENDIX 


The  computational  procedure  for  evaluating  the  inviscid  interaction 
force  produced  by  a  lateral  jet  from  a  circular  sonic  nozzle  on  a  surface 
in  a  supersonic  stream  was  obtained  from  the  theoretical  analysis  of 
C.  Ferrari  (Ref.  19).  A  synopsis  of  the  theory  and  the  equations  used 
in  the  computation  of  the  theoretical  interaction  force  is  summarized  in 
this  appendix.  In  the  theory,  the  jet  stream  was  assumed  to  remain 
unmixed  with  the  external  stream,  and  the  internal  characteristics  of 
the  jet  are  examined  by  balancing  the  external  stream  pressure  force 
on  the  periphery  of  the  jet  stream  tube  with  the  internal  forces  of  the 
jet.  Once  the  external  cross-sectional  shape  of  the  jet  was  defined,  an 
estimate  of  the  shape  of  the  centerline  path  of  the  jet  was  determined. 
With  an  approximate  evaluation  of  the  jet  stream  tube  contour,  an  esti¬ 
mate  was  made  of  the  shape  and  position  of  the  detached  shock  wave 
relative  to  the  expanded  lateral  jet  stream.  The  flow  field  between  the 
detached  shock  and  the  jet  stream  in  the  vicinity  of  the  surface  contain¬ 
ing  the  sonic  jet  nozzle  was  then  approximated  on  the  basis  of  Lighthill's 
treatment  of  the  hypersonic  blunt-body  problem. 


The  following  computing  procedure  was  used  to  evaluate  Ferrari ’a 
equation  which  defines  the  magnitude  of  the  ratio  of  the  inviscid  inter¬ 
action  force  (B^j)  produced  on  a  planar  surface  in  a  supersonic  stream 
by  a  lateral  circular  sonic  jet  to  the  jet  reaction  force  (Fj).  In  general, 
the  terms  of  the  nomenclature  used  in  Ref.  19  will  also  be  used  in  the 
following  equations  required  to  evaluate  Fni/Fj. 


In  this  and  the  following  relationships,  y'  refers  to  the  ratio  of  specific 
heats  of  the  lateral  jet  and  y,  of  the  free-stream  flow.  All  the  other 
terms  in  Eq,  1  are  defined  in  the  present  nomenclature  except  'V,  which 
represents  a  factor  based  on  the  geometry  of  the  flow  field  interaction 
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produced  by  the  lateral  jet  and  the  supersonic  free  stream,  and  c  is  eval¬ 
uated  in  the  following  manner. 

The  general  shape  of  the  cross  section  of  the  jet  stream  lying  in  a 
plane  perpendicular  to  the  jet  stream  (Fig.  g)  centerline  was  assumed 
to  be  elliptical.  The  semi-minor  axis.  Aq,  of  the  ellipse  extends  up¬ 
stream.  and  the  semi-major  axis.  R.  lies  in  the  plane  of  the  ellipses 
perpendicular  to  the  free-stream  direction.  The  jet  stream  was  assumed 
to  expand  to  the  free-stream  static  pressure  along  the  semi-major  axis 
and  therefore 


M  »1 


Fig.  g  Nomenclature  and  Flow  Field  Used  in  Ref.  19.  Fig.  9 


y"-n 

2 

y'+  ij 


(2) 


where  rQ  is  the  radius  of  the  circular  sonic  nozzle. 
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Along  the  semi-minor  axis  an  estimate  was  made  of  the  static  pressure  p 
applied  on  the  upstream  portion  of  the  jet  stream  tube  by  the  free-stream 
flow.  From  hypersonic  approximations  pressure  ^  was  defined  as  follows 


therefore 


(3) 


<4) 


These  terms  for  R/rg  and  S-qItq  are  tabulated  in  Ref.  25  for  various 
pressure  ratios. 

An  estimate  of  the  radius  of  curvature  of  the  jet  stream  centerline 
with  elliptical  cross  section  was  also  made,  and  it  was  computed  with 
the  following  equations: 


Ri* 


2b 

f  ^ 

p  +  i  > 

\  +  Cr" 

(  y 1  ) 

Vy  +  s  > 

I  a  ^ 

^  yM« 

Cf' 


(5) 


where  Ri*  was  the  radius  of  curvature  of  jet  stream  centerline. 

in/R 


Cf'  = 


(R/iJ 


(R/Jo)  *■  1 

Cf"  =  - 
h  =  (R/jKo)  and 


1  -■ 


loR 


R/io  +  V(H/i(,)*  -  1 


2  V(R/-I„)*  -  1  R/io  -  V(R/io)*  -  1 


(ti  T  t*f('  • 


(6) 


(7) 


-1 


P„  .  (l  "zITinT 


- -9^(’  *  ^  T^7¥rr- “-■) 


where 
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The  values  £  and  £  are  the  complete  elliptical  integrals  of  the  first  and 
second  kinds,  respectively,  based  on  the  common  modulus  of  ^|  _  ^ 

With  the  expanded  jet  stream  cross  sections  approximated  as  being 
circular  instead  of  elliptical,  the  radius  of  curvature  of  these  circular 
sections  were  defined  as  Rc  and  Rc/io>  =  (R/i?o)2.  Therefore  the  jet 
stream  may  be  replaced  with  a  torous  with  an  external  radius  of  Ri*  +jeo 
and  for  an  initial  approximation  with  circular  cross  sections  of  radius  Rg. 
When  this  torous  has  a  hole  (1)  Ri*  4  io  >  2Rc  and  if  the  hole  was  missing, 
then  (2)  Ri*  4  io  <  2Rc.  Therefore  two  procedures  must  be  taken,  depend¬ 
ing  on  the  particular  geometry  of  the  torous,  which  was  a  function  of  the 
free-stream  conditions  and  the  jet  strength. 


For  the  case  where  Ri*  4  £o  >  2Rc,  a  jet  stream  parameter  was 
evaluated  in  the  following  manner; 


—  1 

cos  h 


(R,*/io)  +  1  - 


The  corresponding  parameter  of  o-  on  the  detached  shock  was  defined  as 
Og  and 


“i  -  a* 


(y  —  1  \  sin  h  Og 
2  /  2  +  cos  h  Qg 


The  ratio  of  the  approximating  radius  of  the  circular  cross  section  of 
detached  shock  wave,  namely  Rs,  to  the  radius  of  curvature  of  the  ex¬ 
panded  jet  stream,  R^*,  is  defined  as 

Rc/Rs  =  sin  h  Os /sin  h  a^ 


If  Rl  4  £0  <  2Rc,  then  the  value  of  the  parameter  corresponding  to 
ai  was  redefined  as  jSi  and  evaluated  as  follows: 


=  cos 


(Ri*/ito)  +  I  -  Rc/io 


The  corresponding  detached  shock  parameter,  namely  jSg,  was  related 
to  |3i  as  follows: 


and 


iS,  -  = 


/y -  1  \  sip 

\  2  /  2  +  COB  jSg 


Rc  /Rs 


ain  sin  j8i 
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And  the  elliptical  transformed  coordinate  (j®s)  of  the  shock  was  then 
related  to  that  of  the  jet  stream,  namely  by  the  following  relation 

ship: 


where 


A/fs 


3  -y 
2 


and 


) 

I\ 

r- 1 
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Fig.  2  The  12-Inch  Supersonic  Tunnel  (E-1) 
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Rectangular  Nozzles  Circular  Nozzles 


Fig.  3  Flat  Plate  and  Nozzle  Block  Configurations 
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Fig.  4  Flat  Plote  Installation 


_ ^  ~  Jet  Nozzle  Centerline 


ig.  5  Hollow  Cylinder  and  Nine-Caliber  Ogive  Configurations 
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Re^  X  10'* 

b.  5*/6  versus  Rcl 


Fig.  7  Flat  Plate  Baundary-Layer  Characteristics 
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Flow  Direction  (M^j  >  2) 
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Fig.  8  Two-Dimensional  Lateral  Jet  Flow  Field 


49 


AEDC-TDR. 63-22 


Q.  0.125  -in.-diam  Circular  Nozile 


b.  0. 1 25- in.-diom  Multiple  Circular  Nozzles,  e  dj  -  12.3 
Fig.  10  Flow  Patterns  with  Isobars  at  _  3.98,  Re  =0.6  x  10* 
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Fig.  10  Concluded 
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Fig.  11  Comparison  of  the  Flow  Field  and  Pressure  Distribution  Generoted  by  on  Air  Jet  and  a  Vertical  Spoiler  at 
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a.  Rex  =  1.7  x  10*,  Pj  -  480,  Fnq  q-».  _  3.5  in.^ 

Fig.  12  Typical  Pressure  Distribution  Generoted  by  the  Interaction  of  o  Lateral  Jet  from 
0.028- by  3-in.  Slot  into  a  Supersonic  Stream,  Mv  ^  3.98 
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Fig.  13  Influence  of  Jet  Nozzle  Configuration  anii  Pressure  Ratio  on  Boundary- Layer  Separation  Location,  ■■  3.98 
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Fig.  14  Influence  of  Multiple  Circular  Nozzle  Configurations  on  Baunilary*Layer  Separation  Location, 
Rex  =  1.8  z  10^  M„«3.98 
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f.  -  5.01,  Re^  =  2.2  K  10*,  p.  p^  =  470 
Fig.  15  Concluded 
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a.  =  2.99,  Rex  -  1.7  x  10‘ 

Fig.  16  Pitot  Pressure  Distribution  Downstream  of  o  Jet  from  o  Circular  Noixle,  d,  -  0.25  in. 
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Fig.  32  Comparison  of  iho  Theorotical  Interaction  Force  Ratio,  fnj/fj,  with  the  Experimental  Values  of  Rectangular  Noxxles 
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Fig.  38  Center  of  Preesore  of  the  Interoction  Load  Ahead  of  the  Nozile  Jet 
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Fig.  44  Continued 
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duced.  In  genera),  circular  sonic  jets  produced  the  maxi¬ 
mum  interaction  force  when  located  about  30  jet  nozzle 
diameters  forward  of  the  trailing  edge  of  a  planar  surface 
or  at  the  base  edge  of  a  body  of  revolution.  Rectangular 
nozzles  (slols)  generated  the  largest  force  when  located 
at  the  model  trailing  edge. 
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incl  34  refa. .  illus.  UiiclnBsified  Reporl 

A  flat  plate,  a  liollow  cylinder,  and  a  nine-caUber  ogive 
containing  lateral  sonic  jets  ware  teated  at  Mach  nuin* 
bera  2.99,  3.9B,  and  5.01  in  the  12-lnch  Supersonic  Tun¬ 
nel  <E-n  of  the  von  Karman  Gas  Dynamics  PacUlty,  Ttie 
interaction  farcea  generated  on  these  bodies  were  inveaii- 
gated  for  various  sonic  noaale  configurations  including 
Mingle  circular  nozelea,  multiple  circular  nuzvles,  and 
slotH  of  various  width  and  span  sizes.  The  nuzzles  were 
operated  at  jet  stagnation  to  free-stream  static  pressuro 
ratios  from  IQ  to  SOOO^  The  force  produced  on  a  surface  by 
ilie  Interaction  of  the  Lateral  )et  with  the  supersonic  free 
stream  wus  evaluated  from  model  precsssure  distributions 
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and  compared  with  various  theoretical  estimulcs.  Qond 
agrermeni  was  obtained  between  the  present  experimental 
data  and  the  theoretical  esILmatea  based  on  a  linear  com¬ 
bination  of  the  VISCOUS  and  Invlscid  estimates  of  the  jet 
interaction  force.  Also,  good  agreemeiil  was  obtained 
between  the  integrated  pressure  data  and  some  force  meas¬ 
urements.  These  thcoi'etlral  ami  expc*i‘inienta1  results 
imliratrd  thnt  significant  Jet  interaction  forrrs  are  pro¬ 
duced,  In  gcnrrul,  circular  sonic  jets  produced  the  maxi¬ 
mum  interaction  force  when  located  about  30  jet  nozzle 
diapiotors  forward  of  the  trailbig  edge  of  a  plnnar  surface 
or  at  the  baae  edge  of  a  body  of  revolution.  Rectangular 
nozzles  (slots)  generated  the  largest  force  when  located 
at  the  model  trailing  edge. 
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A  flat  plate,  a  hollow  cylinder,  and  a  nine-caliber  ogive 
containing  lateral  sonic  jets  were  tested  at  Mach  num¬ 
bers  2.69.  3,98,  and  5,01  in  the  t2-lnch  Supersonic  Tun¬ 
nel  (E-1)  of  the  von  Karman  Gas  Dynamics  PacUlty.  Tlie 
interaction  forces  generated  on  these  bodies  wei^  investi¬ 
gated  for  various  sonLc  nozzle  conllguratione  including 
single  circular  nozzles,  multiple  circular  nozzles,  and 
slola  of  various  width  and  span  sizes.  The  nozzles  were 
operated  at  jet  stagnation  to  free-slreara  static  pressure 
ralios  from  10  to  2000.  The  force  produced  on  a  surface  by 
the  Interaction  of  the  lateral  Jet  with  the  supersonic  free 
stream  ,was  evaluated  from  model  pressure  distributions 
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and  compared  with  various  theoretical  uetimates.  Good 
agreement  was  obtained  between  Ihe  present  experimental 
data  and  the  theoretical  eatimates  based  on  a  linear  com¬ 
bination  of  the  viscous  and  invlscid  estimates  of  the  jet 
Interaction  force.  Also,  good  agreement  was  obtained 
between  the  integrated  pressure  data  and  some  force  mess- 
xirements.  These  theoretical  and  experimental  results 
indicated  that  significant  jet  interaction  forces  are  pro¬ 
duced.  In  general,  circular  sonic  jets  produced  the  maxi¬ 
mum  interaction  force  when  located  about  30  Jet  nozzle 
diameters  forward  of  tlie  trailing  edge  of  a  planar  surface 
nr  at  the  base  edge  of  a  body  of  revolution.  Rectangular 
nozzles  (slots)  generated  the  largest  force  when  Located 
at  the  model  trailing  edge. 
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Unclassified  Report 

A  flot  plate,  a  hollow  cylinder,  and  a  nljie^caliber  ogive 
containing  lateral  sonic  jets  were  tested  at  Mach  riuni- 
bera  2.99,  3.96,  aiid&.Ul  in  Lhe  1 2- Inch  Supersonic  Tun¬ 
nel  (E~l)  of  the  von  Kerman  Gas  Dynamics  Facility,.  Tlie 
interaction  forces  generated  on  these  bodies  were  investi¬ 
gated  fur  various  sonic  nozzle  configurations  including 
single  circular  noialeM,  multiple  circular  nozzles,  arid 
slots  or  various  width  und  span  aiaes.  The  nozzles  were 
Operated  al  jet  Nisgnation  to  frcQ-sCrram  slallr  pressure 
ralLus  from  10  Id  2Q00.  The  force  produced  on  S  surface  by 
Lhe  interaction  of  the  lateral  jet  with  the  supersonic  free 
was  evaluated  from  model  pressure  distributions 
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and  compared  willi  variuus  iheuretical  estirnoieH.  GuikI 
agreement  was  obtained  between  the  present  czpcrlmcntnl 
duta  and  lhe  theoretical  estimates  based  on  a  linear  chm~ 
bination  of  the  viscous  and  inviacid  estimates  of  the  jot 
interaction  force.  Also,  good  agreement  wa$  obtained 
between  the  Integrated  pressure  data  ond  some  force  mcns- 
urementg.  These  thcorotical  and  esperfmenlDl  results 
indicated  that  significanl  jcl  interaction  forecs  arc  pro¬ 
duced.  In  general,  circular  sonic  jets  produced  the  mmcl- 
mum  iiitoractinn  force  when  located  about  3(1  jet  nozzle 
diainelers  forward  of  the  trailing  edge  of  a  planar  surface 
or  at  the  base  edge  of  a  body  of  i‘evolution,  Uectongulnr 
nozzles  (sluls)  generated  the  largest  force  wlien  locoti'd 
at  the  model  trailing  edge. 
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Unclansiiied  Report 

A  Tint  pinto,  a  hollow  cylinder,  und  u  nine-calitier  ogive 
containing  lateral  sonic  jetn  were  tooted  at  Mach  num¬ 
bers  2,  99.  3. 9B,  and  5.  01  In  the  12- Inch  Supersonic  Tun¬ 
nel  (E-1)  of  the  von  Karman  Gao  Dynamics  Facility.  The 
interaction  forces  generated  on  these  bodlee  were  Investi¬ 
gated  for  various  sonic  noazle  configurations  Including 
single  circular  nozzles,  multiple  circular  nozzles,  and 
slots  of  various  width  and  span  sizes.  The  nozzles  were 
operated  at  jet  stagnation  to  free-stream  static  pressure 
ratios  froin  10  to  2000.  The  force  produced  on  a  surface  by 
the  interaction  of  the  lateral  jet  with  the  supersonic  free 
stream  was  evaluated  from  model  pressure  distributions 


o 


Jet  mixing  flow 

Supersonic  flow 

Control  jets 

SpsoecraA 

Almuspliere  ontry 

Aerodynamic  Ronfigurdtiona 

Loading  (mcrhanics) 

Boundary  layer 

Supersonic  nozzles 

Pressure 

Tests 

Theory 

APSC  Program  Area  750A. 
Project  8953,  Task  895.19.5 
ContrSLt  AP  40(6001-1000 
ARC,  Inc.,  Arnold  A psia, 
Tenn, 

W,  T.  Strike, 

C.  J.  Schuelcr,  and 
Js  $.  Oeitcring 
In  ASTI  A  Collection 


and  compared  with  vorious  ihoorctical  estimates.  Good 
agreement  was  obtained  between  the  present  experimental 
data  and  Lhe  theoretical  estimates  based  on  a  linear  com¬ 
bination  of  the  viscoue  and  Invisctd  estimates  of  the  Jet 
interaction  force.  Also,  good  agreement  was  obtained 
between  the  integrated  pressure  data  and  some  force  meas¬ 
urements,  These  LheoretLcal  and  experimental  results 
Indicated  that  significant  Jet  Interaction  forces  are  pro¬ 
duced,  III  general,  circular  sonic  jets  produced  the  maxi¬ 
mum  interaction  force  ivlien  located  about  30  Jet  nozzle 
diameters  forward  of  the  trailing  edge  of  a  planar  surface 
or  at  the  base  edge  of  a  body  of  revolution.  Rectangular 
nozzles  (slots)  generated  the  largest  force  wlieii  located 
at  the  model  tratiing  edge. 
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incI34rrfs.,  lllua.  IlnclaasirieU  Report 

A  flat  plate,  a  hollow  cylinder,  and  a  nbie-callber  ogive 
containing  lateral  sonic  lets  were  tested  at  Mach  num¬ 
bers  2,99,  3.9B,  and  5.01  in  the  12-Inch  Supersonic  Tun¬ 
nel  IE- 1 1  of  the  von  Karman  Gas  Dynamics  Facility.  The 
interaction  forces  generated  on  these  bodies  were  investi¬ 
gated  for  various  aonlu  nozale  coiiliguralionu  including 
single  circular  nozzles,  uiulllple  circular  nuzzles,  and 
slots  of  various  width  and  span  sizes.  The  nuzzles  were 
operated  at  Jet  slagnatiun  to  free-atreajm  static  presHure 
ratios  from  10  to  2000.  The  furue  produced  on  a  surface  by 
the  Interaction  of  the  lateral  Jet  with  the  supersonic  free 
stream  was  evaluated  from  modei  pressure  distrlbuttons 
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Acid  compared  with  vdriuuti  lhi*or«^Lii:aL  A&timtttoji.  Gcwfl 
agreemenl  was  ubiainpd  belwcpn  the  present  experiments! 
dais  and  ihe  theoretical  estimates  based  on  a  linear  com¬ 
bination  of  the  VISCOUS  and  invlncld  estimates  of  the  jet 
ijiLeraction  force.  Also,  agreement  was  oblaineH 

between  the  Intcsratcd  pressure  data  and  some  force  meas- 
urc-menls.  These  theoretical  and  experimental  reeuils 
indicated  that  sijimrirant  jet  Intcrartion  forces  are  pro- 
ducetJ,  III  general,  circular  fiontc  jeto  produced  the  maxL- 
mum  imeraction  force  when  located  about  ^0  Jet  noaale 
diameters  forward  of  die  trailing  edge  of  a  planar  surface 
ur  at  the  baae  edge  of  a  body  of  revolution.  'Rectangular 
noxaiea  (sIoIr)  generated  tiie  largest  force  ^when  located 
at  the  model  trailing  edge. 
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ii,cl34rcf...  Ulus.  Unclusaified  Report 

A  flat  plate,  a  hollow  cylinder,  and  a  nlne-callber  ogive 
containing  lateral  sonic  Jets  were  tested  at  Mach  num¬ 
bers  2.00,  3.98,  and  5.01  in  the  I2'lnch  Supersonic  Tun¬ 
nel  (E-1)  of  the  von  Karman  Gas  Dynamics  Faculty.  The 
interaction  forces  generated  on  these  bodies  were  investi¬ 
gated  for  various  sunic  noszLe  configurations  including 
single  circular  nozzles,  multiple  circular  nozzles,  and 
elots  of  various  width  and  span  sizes.  Tlie  nozzles  were 
operated  at  jet  stagnation  to  Tree-stream  static  pressure 
ratios  from  lb  to  200D.  Tlie  force  produced  on  a  surface  by 
the  Interaction  of  tlie  lateral  jet  with  the  supereanic  free 
stream  «was  evaluated  from  inudel  pressure  distributions 
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and  compared  with  various  theoretical  estimates.  Good 
agreement  was  obtained  between  the  present  experimental 
data  and  the  theoretical  estimates  based  on  a  linear  com¬ 
bination  of  the  viscous  and  Inviscid  estimates  of  the  Jet 
interaction  force.  Also,  good  agreement  was  obtained 
between  the  integrated  pressure  data  and  some  force  meas- 
urenients.  'I'hese  theoretical  and  experimental  results 
indicated  that  significant  jet  interocliun  forces  are  pro¬ 
duced.  In  general,  circular  sonic  Jets  produced  the  maxi¬ 
mum  interaction  force  when  located  about  30  jet  nozzle 
diameters  forward  of  the  trailing  edge  of  a  planar  surface 
or  at  the  base  edge  of  a  body  of  revolution.  Rectangular 
nozzles  (slots)  generated  the  largest  force  when  located 
at  the  model  trailing  edge. 
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A  flat  plate,  a  holloiv  ejilindcr,  and  a  nine-ealibcr  ngivo 
containing  lateral  sonic  jets  were  tested  at  Macli  num¬ 
bers  2.99,  3.08,  and  5.  D1  in  the  12-lnch  Suprrsonlc  Tun¬ 
nel  (E-1)  of  the  von  Karmen  Caa  Uynamicn  Facility,  The 
interaction  forces  generated  on  tliese  bodies  were  investi¬ 
gated  for  vai'iiius  sonie  noaaie  configurations  including 
single  circular  nozzles,  multiple  circular  nozzles,  and 
slots  of  various  width  and  span  sizes.  The  nozzles  were 
operated  al  jet  stagnation  to  frae-streem  alatic  pressure 
ratios  from  ll)  to  2000.  The  force  produced  on  a  surface  by 
the  liileructioa  of  the  lateral  jot  with  the  supersonic  free 
sii-eam  was  evaluated  from  model  pressure  distributions 
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unri  compared  with  various  theoretical  estimates,  flood 
Bgreemenl  was  obiBined  between  the  present  esperimcntal 
(Isle  and  the  theoretical  esiimaics  based  on  a  linear  c«im- 
blnatiun  of  the  viscous  and  invisefd  estimates  of  the  jet 
btlci*actiiiii  forre.  Also,  good  agreement  was  obtained 
between  Uie  integrated  pressure  diiia  and  some  forcu  rooaa- 
ureiiienls.  Tlicsc  theorciical  and  experlineiiial  results 
indicated  that  slgiiiflcaiil  jet  Interaction  forces  ure  pro¬ 
duced.  Ill  general,  clrculur  sonir  jets  produced  the  inaxi- 
iiium  Interaction  force  when  loraicd  alwul  30  jol  nozzle 
riiumetcis  forward  of  llic  trailing  edgu  uf  a  planar  stiiTace 
or  al  die  base  edge  of  a  body  of  rcvolullori.  Reclangular 
nozzles  (slots)  generated  the  largest  fun  e  wlion  located 
al  the  model  trailing  edge. 
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Arnold  Engineering  Development  Center 
Arnold  Air  Force  Station,  Tennessee 

Rpt.  Nn.  AEDC-TDR-63-22.  INTERACTIONS  PRODUCED 
BY  SONIC  LATERAL  JETS  LOCATED  ON  SURFACES  IN 
A  SUPERSONIC  STREAM.  April  1963.  125  p. 

incl  34  illuSi 

UncLasaifiod  Rc^^ort 

A  flat  plate,  a  hollow  cylinder,  and  a  idns-caliber  ogive 
containing  lateral  sonic  jots  were  tested  at  Mach  num¬ 
bers  2.09,  3.98.  and  5.01  In  the  12- Inch  Supersonic  Tun¬ 
nel  (B-l)  of  the  von  Kerman  Gas  Dynamics  Facility.  The 
interaction  forces  generated  on  these  bodies  were  investi¬ 
gated  for  various  sonic  nozzle  configurations  Including 
single  circular  nozzles,  multiple  circular  nozzles,  and 
slots  cf  various  width  and  span  sizes.  The  nozzles  were 
Iterated  at  jet  stagnation  to  free-stresm  static  pressure 
ratios  from  10  to  2000.  The  force  produced  on  a  surface  by 
the  Interaction  of  Uie  lateral  jet  with  the  Supersonic  free 
stream  .was  evalualed  from  model  pressure  distributions 
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and  compared  with  various  llieoretical  estimates.  Good 
agreement  was  obtained  between  the  present  experimental 
data  and  the  theoretical  estimates  based  on  a  linear  com¬ 
bination  of  the  VISCOUS  and  invlscld  estlinstes  of  the  jet 
interaction  force.  Also,  good  agreemeiil  was  obtained 
between  the  inlegraied  pressure  data  and  some  force  meas¬ 
urements.  These  ilieorotical  and  experimental  results 
indicated  that  significant  jet  Interaction  forcce  are  pro¬ 
duced.  In  general,  circular  sonic  jets  produced  the  msxl- 
mum  interaclion  force  when  located  about  .30  jet  nozzle 
diameters  forward  of  the  trailing  edge  of  a  planar  surface 
or  at  the  base  edge  of  a  body  of  revolution.  Rectangular 
nozzles  (slots)  generated  the  largest  force  when  located 
at  the  model  trailing  edge. 
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